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We construct the relativistic chiral Lagrangians for heavy-light mesons (Qq¯) to the O(p4) order.
From O(p2) to O(p4), there are 17, 67, and 404 independent terms in the flavor SU(2) case and 20,
84, and 655 independent terms in the flavor SU(3) case. The Lagrangians in the heavy quark limit
are also obtained. From O(p2) to O(p4), there are 7, 25, and 136 independent terms in the flavor
SU(2) case and 8, 33, and 212 independent terms in the flavor SU(3) case. The relations between
low-energy constants based on the heavy quark symmetry are also given up to the O(p3) order.
I. INTRODUCTION
The spontaneous breaking of the global chiral symmetry of QCD is an important feature in the low-energy non-
perturbative region of strong interactions. It has been widely accepted that the low-lying pseudoscalar mesons are
those Goldstone bosons generated from the symmetry breaking. The effective theory based on this symmetry and its
breaking is the chiral perturbation theory (ChPT) [1–3], which originally describes only low-energy dynamics of such
mesons. Later, the theory was extended to cases involving octet baryons [4], decuplet baryons [5, 6], and heavy quark
hadrons [7, 8]. The matter fields involved in the present study are those heavy-light mesons whose quark content is
Qq¯ (Q = c, b; q = u, d, s).
Because of the light quark, the low-energy interactions for the heavy-light mesons are governed by the chiral
symmetry. In addition, the interactions also obey the spin-flavor heavy quark (HQ) symmetry in the limit MQ →∞
[8–11]. The heavy quark flavor symmetry means that different heavy flavors have the same dynamics while the
heavy quark spin symmetry results in degenerate hadron doublets containing states with different spins. In ChPT,
increasing number of low-energy constants (LECs) need to be determined when high order chiral corrections are
considered. For the case involving the heavy-light mesons, the heavy quark symmetry may provide relations between
LECs [12]. Before we can determine their values with other approaches, these constraints just from symmetry are
certainly instructive. Of course, the corrections to such relations due to finite quark mass may also be needed for
more detailed investigations.
With the chiral Lagrangians involving heavy-light mesons, a wide range of problems can be studied [13–25], such
as properties of heavy-light mesons, mass difference between heavy-light mesons in the same doublet, interactions
between the Goldstone bosons and the heavy-light mesons, interactions between heavy-light mesons, properties of
new open-flavor particles [26], and so on. Up to now, the chiral Lagrangian in the sector of light pseudoscalar mesons
has been constructed up to the O(p8) order [27–35]. Recently, there are also developments in the sector of light baryons
[36–42]. However, the existing heavy-light meson chiral Lagrangian is still at low orders. The leading order result was
obtained long time ago [7, 8, 12]. For higher order results, only parts of them were constructed for special problems,
which can be found in Refs. [13–25]. Some similar works are about the SU(2) pion-kaon chiral Lagrangian. This
chiral Lagrangian has the same structures as that for the heavy-light pseudoscalar mesons. It has been constructed
to the O(p4) order [43–45]. In the present work, we systematically construct the relativistic chiral Lagrangians in the
sector of heavy-light mesons up to the fourth chiral order. To find some relations of LECs by using the heavy quark
symmetry, we also construct directly chiral Lagrangians with the superfield H containing the JP = 0− and 1− Qq¯
mesons. By comparing the relativistic Lagrangians with those in the HQ limit, one obtains relations between LECs.
This paper is organized as follows. In Sec. II, we review briefly the building blocks for the construction of chiral
Lagrangians. In Sec. III, from the structures of Lagrangians to linear relations between various ingredients, we
introduce the procedure to construct the heavy-light meson chiral Lagrangians step by step. In Sec. IV, the way to
find relations between LECs with the heavy quark symmetry is introduced. In Sec. V, we list our results. The last
Sec. VI is a short summary.
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2II. DEFINITIONS AND BUILDING BLOCKS
In this section, we give the building blocks necessary for the construction of Lagrangians. Some simple properties
are also shown. These building blocks involve both relativistic and HQ forms. One may find details about them in
Refs. [3, 7, 8, 12, 27, 29, 30, 32, 34, 35, 46–49].
A. Goldstone bosons and external sources
The QCD Lagrangian L 0QCD with Nf -flavour massless quarks is
L = L 0QCD + q¯(/v + /aγ5 − s+ ipγ5)q, (1)
where q denotes the light quark field. s, p, vµ, and aµ are scalar, pseudoscalar, vector, and axial-vector external
sources, respectively. The tensor source and the θ term are ignored in this paper. As usual, both aµ and vµ are
considered traceless in the flavor SU(3) case, but only aµ is traceless in the flavor SU(2) case to study the electroweak
interactions.
In ChPT, the low-lying pseudoscalar mesons are considered to be Goldstone bosons coming from the spontaneous
breaking of the global symmetry SU(Nf )L × SU(Nf)R into SU(Nf)V . The meson field u in matrix form transforms
as
u→ gRuh† = hug†L (2)
under the chiral rotation, where gL and gR are group elements of SU(Nf)L and SU(Nf)R, respectively, and h is a
compensator field which is a function of the pion fields.
Usually, the meson fields and external sources are combined to building blocks whose forms are as follows,
uµ = i{u†(∂µ − irµ)u− u(∂µ − ilµ)u†},
χ± = u
†χu† ± uχ†u,
hµν = ∇µuν +∇νuµ,
fµν+ = uF
µν
L u
† + u†FµνR u,
fµν− = uF
µν
L u
† − u†FµνR u = −∇µuν +∇νuµ,
(3)
where rµ = vµ + aµ, lµ = vµ − aµ, χ = 2B0(s + ip), FµνR = ∂µrν − ∂νrµ − i[rµ, rν ], FµνL = ∂µlν − ∂ν lµ − i[lµ, lν ],
and B0 is a constant related to the quark condensate. The covariant derivative for any building block X is defined
through
∇µX = ∂µX + [Γµ, X ], (4)
Γµ =
1
2
{u†(∂µ − irµ)u+ u(∂µ − ilµ)u†}. (5)
The advantage of using these building blocks is that all of them transform under the chiral rotation (R) in the same
way,
X
R−→ X ′ = hXh†. (6)
B. Heavy-light mesons
A heavy-light meson contains one heavy quark Q (c or b) and one light antiquark q¯ (u¯, d¯, or s¯). The lowest lying
heavy-light mesons are the pseudoscalar P with JP = 0− and vector P ∗ with JP = 1−. In the flavour SU(3) case (Q
as a flavor singlet), they are represented as row vectors,
P =
{
(D0, D+, D+s ),
(B¯−, B¯0, B¯0s ),
P ∗ =
{
(D∗0, D∗+, D∗+s ),
(B¯∗−, B¯∗0, B¯∗0s ).
(7)
3In the flavor SU(2) case, the third Qs¯ mesons need to be removed. The Lagrangians in these two cases have different
independent chiral-invariant terms and we consider results in both cases. The covariant derivative for P˜ (P or P ∗µ)
is
DµP˜ † = (∂µ + Γµ)P˜ †, (8)
DµP˜ = P˜ (
←−
∂ µ + Γµ†), (9)
Dµν···ρ ≡ 1
n!
(DµDν · · ·Dρ︸ ︷︷ ︸
n
+full permutation of D’s). (10)
Eq. (10) defines a totally symmetrical covariant derivative like the πN case [36]. The reason for this definition is that
permutations of derivatives acting on a building block do not change the chiral dimension (as Eq. (23) below). The
defined symmetrical derivative will simplify some calculations (see Sec. IV). The chiral transformations for heavy-light
meson fields read
P˜
R−→ P˜ ′ = P˜ h†, P˜ † R−→ P˜ ′† = hP˜ †. (11)
To adopt the heavy quark symmetry, one collects the heavy-light mesons in a superfield as usual [50],
H =
√
M
1 + /v
2
(P ∗Q,µγ
µ + δPQγ5), H¯ ≡ γ0H†γ0, (12)
where M ≡MP = MP∗ is the heavy-light meson masses in the HQ limit and vµ with v2 = 1 is the velocity of heavy-
light mesons, P ∗Q,µ and PQ only contain the annihilation operator. Now, H contains only annihilation operators for
Qq¯ mesons and its mass dimension is 3/2. We here use δ to denote the arbitrary relative phase between the mesons
PQ and P
∗
Q. Different conventions exist in the literature, e.g. δ = 1 in [7], δ = −1 in [47], and δ = i in [51]. This
phase does not have physical effects and its choice does not impact on the form of Lagrangians, either. Scaling the
superfield by e−iMv·x will modify the energy measure from MQ to M and the covariant derivative on matter fields
becomes DµH(x) = −iMvµH(x). Obviously, the chiral transformations for H and H¯ are the same as those for P˜
and P˜ †, respectively.
III. LAGRANGIAN CONSTRUCTION
This section shows the basic steps to construct the Lagrangian for heavy-light mesons. First, one analyzes the
structures of chiral Lagrangians because they have effects on some properties of building blocks. Secondly, one
establishes the P -parity, C-parity, and Hermitian properties of all the building blocks. Thirdly, one finds out available
linear relations in order to reduce linearly dependent terms. Finally, one constructs all possible structures of the chiral
Lagrangian and gets independent terms by using the linear relations.
A. Structures of chiral Lagrangians
The relativistic heavy-light meson chiral Lagrangian can be written as
L = LPP + LP∗P∗ + LPP∗ (13)
=
∑
n
CnP · · ·P † +
∑
m
CmP
∗ · · ·P ∗† +
∑
p
Cp(P · · ·P ∗† + P ∗ · · ·P †), (14)
where LPP , LP∗P∗ , and LPP∗ represent the interaction terms involving only heavy pseudoscalar mesons, only heavy
vector mesons, and both heavy pseudoscalar and heavy vector mesons, respectively. The symbol “· · · ” includes allowed
combinations of building blocks given in Sec. II A and appropriate coefficients (±1 or ±i) to keep the symmetry of
L . For convenience, the LECs (Cn, Cm, and Cp) are all assumed to be real constants and we use the convention that
all the possible covariant derivatives in “· · · ” act on the right side heavy-light meson fields.
To find out relations between LECs in the HQ limit, we also construct chiral Lagrangians involving the superfield
H directly. The Lagrangian in this formalism looks like
L =
∑
n
Dn〈H · · ·ΓH¯〉, (15)
4where Dn’s represent LECs in this case, Γ is an element of the Clifford algebra, and 〈· · ·〉 means trace in the spin
space. If flavour traces for building blocks are needed in “· · · ”, we also use this symbol 〈· · ·〉. The heavy quark
symmetry requires that the position of Γ should be after H but before H¯ .
B. Properties of building blocks
The properties of the building blocks have been discussed in a lot of references. Here we only collect relevant results.
One may find details about them in Refs. [2, 3, 7, 27, 29–31, 34–36, 47, 51].
Table I lists the chiral dimensions, parity transformations (P ), charge conjugation transformations (C), and Hermi-
tian transformations (h.c.) of the building blocks, the matter fields, and the Levi-Civita tensor. Since the heavy-light
mesons are not purely neutral states, the phases for the charge conjugation transformation of them are uncertain.
Choosing “+” for P is natural since JPC = 0−− are exotic quantum numbers. For P ∗, we use the convention “+”
and will discuss another one.
TABLE I. Chiral dimension (Dim), parity (P ), charge conjugation (C), and Hermiticity (h.c.) of the building blocks, the
matter fields, and the Levi-Civita tensor.
Dim P C h.c.
uµ 1 −uµ (u
µ)T uµ
hµν 2 −hµν (h
µν)T hµν
χ± 2 ±χ± (χ±)
T ±χ±
f
µν
± 2 ±f±µν ∓(f
µν
± )
T f
µν
±
P 0 −P (P †)T P †
P ∗µ 0 P ∗µ (P
∗µ†)T P ∗µ†
DµP 0 −DµP (D
µP †)T (DµP )†
DµP ∗ν 0 DµP
∗
ν (D
µP ∗ν†)T (DµP ∗ν)†
εµνλρ 0 −εµνλρ ε
µνλρ εµνλρ
Table II lists the corresponding properties of the Clifford algebra and the velocity of heavy-light mesons, which
are considered between H and H¯ as (15). H , H¯ , and vµ are chiral dimensionless and their properties are considered
together with Clifford algebra, like the πN case in Ref. [36]. Table II only displays the extra signs. We do not
show anything about γ5 because 〈Hγ5H¯〉 = 0 gives no contributions. H only contains the Qq¯ fields, but not Q¯q
fields. Hence the Lagrangian in heavy quark symmetry does not have to be C-invariant. The meaning of the charge
conjugation in Table II will be discussed in Section IV.
TABLE II. Chiral dimension (Dim), parity (P ), charge conjugation (C), and Hermiticity (h.c.) of the Clifford algebra elements
and the velocity of heavy-light mesons.
Dim P C h.c.
1 0 + + +
γµ 0 + − +
γ5γ
µ 0 − + +
σµν 0 + − +
vµ 0 + − +
C. Linear relations
Linear relations exist which are essential in reducing the chiral-invariant terms to a minimal set. For details about
them, one may consult Refs. [27, 29, 30, 34, 35].
(i) Partial integration.
Ignoring higher order terms, one has
0
.
= P˜
↼
DµXP˜ † + P˜XDµP˜ †, (16)
5where X is any building block or their products and “
.
=” means that both sides are approximately equal with
their difference appearing at the order O(p1). With this relation, we can move the covariant derivatives to the
right position so that they act only on the field P˜ †.
(ii) Schouten identity.
This is a relation about the Levi-Civita tensor,
ǫµνλρAσ − ǫσνλρAµ − ǫµσλρAν − ǫµνσρAλ − ǫµνλσAρ = 0, (17)
where A is anything having Lorentz index (indices). The five indices in the left-hand side are totally antisym-
metric.
(iii) Equations of motions (EOMs).
The EOMs and subsidiary condition for light pseudoscalar and heavy-light mesons are
∇µuµ .= i
2
(
χ− − 1
Nf
〈χ−〉
)
, (18)
(D2 +M2P )P
† .= 0, (19)
(D2 +M2P∗)P
∗†
µ
.
= 0, (20)
DµP ∗†µ
.
= 0, (21)
vµP ∗†Q,µ = 0, (22)
where Nf is the number of light quark flavours and the conjugations of these equations are omitted. Eq. (22)
only works in the heavy quark limit. The right-hand sides of Eqs. (19)–(21) are at least at the order O(p1).
At the O(p1) order, they contain one uµ. Hence, D2P˜ can be changed to −M2p˜ P˜ and does not happen in the
Lagrangian. DµP ∗µ is at the order O(p1). It removes the redundant degree of freedom of P ∗µ field, and DµP ∗µ
does not appear in the Lagrangian, either.
(iv) Covariant derivatives and Bianchi identity.
The commutative relation for the covariant derivatives acting on any building block X is
[∇µ,∇ν ]X = [Γµν , X ], (23)
Γµν =
1
4
[uµ, uν ]− i
2
fµν+ . (24)
Rewriting it explicitly, one has
∇µ∇νX −∇ν∇µX − 1
4
uµuνX +
1
4
uνuµX +
i
2
fµν+ X +
1
4
Xuµuν − 1
4
Xuνuµ − i
2
Xfµν+ = 0. (25)
Another relation about covariant derivatives is Bianchi identity
∇µΓνλ +∇νΓλµ +∇λΓµν = 0. (26)
Its explicit form is
∇µfνλ+ +∇νfλµ+ +∇λfµν+ +
i
2
[uµ, fνλ− ] +
i
2
[uν , fλµ− ] +
i
2
[uλ, fµν− ] = 0. (27)
These two explicit relations are for determining the strict relations of LECs which will be discussed in Sec. IV.
(v) Cayley-Hamilton relations.
Any 2× 2 matrices A and B have the relation
AB +BA−A〈B〉 −B〈A〉 − 〈AB〉+ 〈A〉〈B〉 = 0. (28)
Any 3× 3 matrices A, B, and C have the relation
0 = ABC +ACB +BAC +BCA+ CAB + CBA−AB〈C〉 −AC〈B〉 −BA〈C〉 −BC〈A〉 − CA〈B〉
− CB〈A〉 −A〈BC〉 −B〈AC〉 − C〈AB〉 − 〈ABC〉 − 〈ACB〉+A〈B〉〈C〉 +B〈A〉〈C〉 + C〈A〉〈B〉
+ 〈A〉〈BC〉 + 〈B〉〈AC〉 + 〈C〉〈AB〉 − 〈A〉〈B〉〈C〉. (29)
6(vi) Contact terms.
The contact terms need to be picked up independently. Such terms appear only at the O(p4) order. To show
their irrelevance with pion fields, we change the building blocks from uµ, hµν , fµν± , and χ± to F
µν
R,L, χ, and χ
†.
The relevant relations are
FµνL =
1
2
u†(fµν+ + f
µν
− )u, (30)
FµνR =
1
2
u(fµν+ − fµν− )u†, (31)
χ =
1
2
u(χ+ + χ−)u, (32)
χ† =
1
2
u†(χ+ − χ−)u†. (33)
We show the properties of these building blocks (LR-basis) [27, 34] in Table III. The number of resultant contact
terms is found small. They are listed at the end of each part for LPP , LP∗P∗ , and LPP∗ in Table IX and such
terms in the HQ limit are given at the end of Table X.
TABLE III. Chiral rotations (R), parity (P ), charge conjugation (C), and Hermiticity (h.c.) of the LR-basis.
R P C h.c.
χ gRχg
†
L χ
† χT χ†
χ† gLχ
†g
†
R χ χ
†T χ
F
µν
L gLF
µν
L g
†
L F
µν
R −(F
µν
R )
T F
µν
L
F
µν
R gRF
µν
R g
†
R F
µν
L −(F
µν
L )
T F
µν
R
The process to pick up independent terms is very boring and is done by computer. The details about the operation
have been presented in Refs. [34, 39, 40].
IV. LEC RELATIONS IN THE HEAVY QUARK LIMIT
According to the heavy quark symmetry, relations exist among LECs for PP † terms, those for P ∗P ∗† terms, and
those for PP ∗† terms. In order to find them, we firstly redefine the independent terms and their corresponding LECs
in Eq. (14) to be
O˜n = On/M
r, C˜n = CnM
r, (34)
where r is the number of covariant derivative acting on the heavy-light meson fields. Now, all C˜n’s at a given order
have the same mass dimension.
At least two methods can be used to get the LEC relations. The first one is to change the relativistic Lagrangians
to the HQ form. With Eq. (12), one obtains
√
MPQ =
1
2
δ∗〈Hγ5〉,
√
MP ∗Q,µ =
1
2
〈Hγµ〉,
√
MP †Q = −
1
2
δ〈H¯γ5〉,
√
MP ∗†Q,µ =
1
2
〈H¯γµ〉. (35)
These fields contain only operators to annihilate or generate Qq¯ mesons, but no operators for Q¯q mesons. If we assume
that the fields in Eq. (14) also describe only Qq¯ mesons, the Lagrangian there can be changed to that in Eq. (15)
by using the Fierz identity. Retaining only terms satisfying the heavy quark symmetry and comparing independent
terms, one can obtain relations between Cn’s and Dn’s.
The second method is opposite by changing the form of Eq. (15) to that of Eq. (14),
〈HH¯〉 →M(−2PQP †Q + 2P ∗µQ P ∗†Q,µ), (36)
〈Hγ5H¯〉 → 0, (37)
〈HγµH¯〉 →M(−〈HvµH¯〉) =
√
M(−2iPQDµP †Q/M + 2iP ∗νQ DµP ∗†Q,ν/M), (38)
〈Hγ5γµH¯〉 →M(−2εµνλρP ∗Q,λDνP ∗†Q,ρ/M + 2δPQP ∗†µQ + 2δ∗P ∗µQ P †Q), (39)
7〈HσµνH¯〉 →M(2iP ∗µQ P ∗†νQ − 2iP ∗νQ P ∗†µQ + 2iεµνλρδPQDλP ∗†Q,ρ/M + 2iεµνλρδ∗P ∗Q,ρDλP †Q/M), (40)
where we have used the definition 〈γµγνγλγργ5〉 = −4iεµνλρ. The factor M comes from the definition in Eq. (12).
From the above equations, one finds that only structures 〈HH¯〉, 〈Hγ5γµH¯〉, and 〈HσµνH¯〉 exist in the final results, a
feature consistent with the pion-nucleon case [36]. In order to obtain the relativistic Lagrangian, the right-hand sides
of the above equations also need C invariant. If one substitutes P˜Q → P˜ and chooses the “C-parity” of the Clifford
algebra and the velocity as those in Table II, these terms automatically contain the C-invariant.
To get the exact relations between C˜k and Dl, the strict linear relations are needed. In Sec. III C, we have found
them in the relativistic case. Hence, we choose the second method to do the calculation. This method also avoids
complex calculation from the Fierz identity. The relations are
C˜k = M
∑
l
DlAlk, (41)
where M is a usual normalization factor coming from Eq. (12). All elements in matrix Alk are dimensionless. Since
the number of Dl is much less than the number of C˜k (see the results in Sec. V), Dl may be obtained more easily in
other ways. If all Dl are known, Eq. (41) gives a rough estimation of C˜k. It also gives some constraint conditions of
C˜k in the heavy quark limit.
To calculate Eq. (41), we avoid the approximate relations (marked by “
.
=”) in Sec. III C as far as possible. Higher
order contribution of the EOM for pseudoscalar mesons (Eq. (18)) does not work to the O(p2) order, and higher
order contribution of the EOMs for heavy-light mesons does not work to the O(p3) order. Hence, all relations in Sec.
III C are strict ones to the O(p3) order.
V. RESULTS
Following the above steps, we get the final results expressed as
L
(m) =
∑
n
C(m)n O
(m)
n =
∑
n
C˜(m)n O˜
(m)
n , Nf = 3 (42)
L
(m) =
∑
n
c(m)n o
(m)
n =
∑
n
c˜(m)n o˜
(m)
n , Nf = 2 (43)
L
(m)
HQ =
∑
n
D(m)n P
(m)
n , Nf = 3 (44)
L
(m)
HQ =
∑
n
d(m)n p
(m)
n , Nf = 2. (45)
where m is the chiral dimension.
A. Results at the O(p1) and O(p2) orders
The obtained relativistic result at the leading order,
L
(1) = DµPD
µP † −M2PPP † −
1
2
(DµP ∗ν −DνP ∗µ)(DµP ∗†ν −DνP ∗†µ ) +M2P∗P ∗µP ∗†µ
+
1
2
fQ(Pu
µP ∗†µ +H.c.) +
1
4
gQε
µνλρ(P ∗ρ uλ(DµP
∗†
ν −DνP ∗†µ ) + H.c.), (46)
is the same as that in Ref. [7]. The form obeying the heavy quark symmetry is [8]
L
(1)
HQ = 〈HivµDµH¯〉 −
1
2
g〈Huλγ5γλH¯〉. (47)
The relations between fQ, gQ, and g are found to be
fQ = 2gQM = −2gM. (48)
The results at this order are applicable for both two- and three- flavour cases.
8TABLE IV. The O(p2) order relativistic results. The columns 2, 3, and 4 (5, 6, and 7) are for the flavor SU(2) (SU(3)) case.
When a term On is not given a label in the 2nd (5th) column, it is not independent and can be expressed with terms having a
label in the 2nd (5th) column. “I” means that the structures of those terms are chosen as independent ones in the HQ limit.
On SU(2) c˜
(2)
n c˜
(2)
n SU(3) C˜
(2)
n C˜
(2)
n
PuµuµP
† 1 −2d
(2)
1 I 1 −2D
(2)
1 I
PuµuνDµνP
† 2 2d
(2)
2 I 2 2D
(2)
2 I
P 〈uµuµ〉P
† 3 −2D
(2)
4 I
P 〈uµuν〉DµνP
† 4 2D
(2)
5 I
Pχ+P
† 3 −2d
(2)
6 I 5 −2D
(2)
7 I
P 〈χ+〉P
† 4 −2d
(2)
7 I 6 −2D
(2)
8 I
P ∗µuµu
νP ∗†ν 5 −2d
(2)
3 I 7 −2D
(2)
3 I
P ∗µuνuµP
∗†
ν 6 2d
(2)
3 −c˜
(2)
5 8 2D
(2)
3 −C˜
(2)
7
P ∗µuνuνP
∗†
µ 7 2d
(2)
1 −c˜
(2)
1 9 2D
(2)
1 −C˜
(2)
1
P ∗µuνuλDνλP
∗†
µ 8 −2d
(2)
2 −c˜
(2)
2 10 −2D
(2)
2 −C˜
(2)
2
P ∗µ〈uµu
ν〉P ∗†ν 11 0 0
P ∗µ〈uνuν〉P
∗†
µ 12 2D
(2)
4 −C˜
(2)
3
P ∗µ〈uνuλ〉DνλP
∗†
µ 13 −2D
(2)
5 −C˜
(2)
4
iP ∗µf+µ
νP ∗†ν 9 4d
(2)
4 I 14 4D
(2)
6 I
iP ∗µ〈f+µ
ν〉P ∗†ν 10 4d
(2)
5 I
P ∗µχ+P
∗†
µ 11 2d
(2)
6 −c˜
(2)
3 15 2D
(2)
7 −C˜
(2)
5
P ∗µ〈χ+〉P
∗†
µ 12 2d
(2)
7 −c˜
(2)
4 16 2D
(2)
8 −C˜
(2)
6
εµνλρPuµuνDλP
∗†
ρ +H.c. 13 −2d
(2)
3 c˜
(2)
5 17 −2D
(2)
3 C˜
(2)
7
Pf−
µνDµP
∗†
ν +H.c. 14 0 0 18 0 0
PhµνDµP
∗†
ν +H.c. 15 0 0 19 0 0
iεµνλρPf+µνDλP
∗†
ρ +H.c. 16 2d
(2)
4
1
2
c˜
(2)
9 20 2D
(2)
6
1
2
C˜
(2)
14
iεµνλρP 〈f+µν〉DλP
∗†
ρ +H.c. 17 2d
(2)
5
1
2
c˜
(2)
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We show the O(p2) Lagrangian in the relativistic form and HQ form in Tables IV and V, respectively. The 2nd and
5th columns of Table IV (2nd and 3rd columns of Table V) give the labels for each term in the flavor SU(2) case and
SU(3) case, respectively. The 3rd and 6th columns of Table IV list the corresponding LECs in the HQ limit. The 4th
and 7th columns of Table IV display the LEC relations between the relativistic terms according to the heavy quark
symmetry, where “I” means that corresponding terms can be treated as the independent ones. Some monomials only
happen in the either SU(2) or SU(3) case because of the Cayley-Hamilton relations and the convention of the trace
of the vector source vµ. Hence, the other column is not labelled. Only a few analogous results in the references are
found. The O(p2) order LPP is the same as that in Ref. [20].
TABLE V. The O(p2) order results in the HQ limit. When a term Pn is not given a label in the 2nd (3rd) column, it is not
independent and can be expressed with terms having a label in the 2nd (3rd) column.
Pn SU(2) SU(3)
〈HuµuµH¯〉 1 1
〈HuµuνvµvνH¯〉 2 2
i〈HuµuνσµνH¯〉 3 3
〈H〈uµuµ〉H¯〉 4
〈H〈uµuν〉vµvνH¯〉 5
〈Hf+
µνσµνH¯〉 4 6
〈H〈f+
µν〉σµνH¯〉 5
〈Hχ+H¯〉 6 7
〈H〈χ+〉H¯〉 7 8
9B. Results at the O(p3) and O(p4) orders
The O(p3) and O(p4) order results are too long and we give them in Appendix A. The relativistic results are
collected in Tables VII and IX while those in the HQ limit are listed in Tables VIII and X. The 3rd and 6th columns
of Table VII show the corresponding LECs in the HQ limit while the 4th and 7th columns of the same table display
the LEC relations between the relativistic terms obtained from the heavy quark symmetry. “I” in Tables VII and IX
again means that the relevant terms are considered independent in the HQ limit. Some long expressions marked with
“*” in Table VII are given explicitly below the table.
At present, we are not able to give the strict LEC relations for terms at the O(p4) order. The O(p1) order EOMs
will appear because of the Schouten identity. Schouten identity can change the positions of some indexes and will give
the factors as DµP ∗†µ or D
2P˜ . Hence the LECs at the O(p1) order will appear in these relations. The exact relations
need the determination of the inverse of a large symbolic matrix. Hence, we only mark the independent terms in the
HQ limit in Table IX. In the table, the 52–57, 241–253, and 402–404 terms in the two-flavour case (97-99, 413–418,
and 655 terms in the three-flavour case) are contact terms. In Table X, the 128–136 terms in the two-flavour case
(209–212 terms in the three-flavour case) are contact terms.
C. Discussions
We have chosen the convention δ = 1 in presenting our final results. If one wants to use another convention, all
the results need not be changed. For the C-parity transformation of P ∗, we also use the “+” convention. Another
convention only has an impact on LPP∗ . Let us consider any C-, P - and h.c.-invariant LPP∗ term
(POµP
∗†µ + δCP
∗µOC,µP
†), (49)
where Oµ is any possible structure, OC,µ is an appropriate structure keeping the symmetry, and δC is the C-parity
transformation factor of P ∗. If one chooses an opposite sign of δC , an extra i factor is needed to keep Hermiticity.
VI. SUMMARY
In the present paper, we extend our previous studies and construct the relativistic chiral Lagrangians for mesons
with a heavy quark to one loop, both for the flavor SU(3) case and for the flavor SU(2) case. The chiral Lagrangians
in the heavy quark limit are also obtained. The number of independent terms in the heavy quark limit is much less
than that in the relativistic case, which is illustrated in Table VI. By comparing independent terms in the relativistic
form and those in the HQ limit, one finds LEC relations at each order which result from the heavy quark symmetry.
These relations would get corrections once the breaking of heavy quark symmetry is considered.
TABLE VI. Number of independent terms at each chiral order.
Relativistic HQ limit
Chiral order O(p1) O(p2) O(p3) O(p4) O(p1) O(p2) O(p3) O(p4)
SU(2) 1 17 67 404 1 7 25 136
SU(3) 1 20 84 655 1 8 33 212
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TABLE VII: The O(p3) order relativistic results. The columns 2, 3, and
4 (5, 6, and 7) are for the flavor SU(2) (SU(3)) case. When a term On
is not given a label in the 2nd (5th) column, it is not independent and
can be expressed with terms having a label in the 2nd (5th) column. “I”
means that the structures of those terms are chosen as independent ones
in the HQ limit. Relations marked with “*” are given below this table.
On SU(2) c˜
(3)
n c˜
(3)
n SU(3) C˜
(3)
n C˜
(3)
n
εµνλρPuµuνuλDρP
† 1 −2d
(3)
5 I 1 −2D
(3)
9 I
εµνλρP 〈uµuνuλ〉DρP
† 2 −2D
(3)
10 I
Puµf−µ
νDνP
† +H.c. 2 −2d
(3)
17 I 3 −2D
(3)
24 I
Puµhµ
νDνP
† +H.c. 3 −2d
(3)
20 I 4 −2D
(3)
27 I
PuµhνλDµνλP
† +H.c. 4 2d
(3)
21 I 5 2D
(3)
28 I
iεµνλρPf+µνuλDρP
† +H.c. 5 2d
(3)
12 I 6 2D
(3)
18 I
iεµνλρP 〈f+µν〉uλDρP
† 6 2d
(3)
13 I
iεµνλρP 〈f+µνuλ〉DρP
† 7 2D
(3)
19 I
iP∇µf+µ
νDνP
† 7 2d
(3)
23 I 8 2D
(3)
33 I
iP 〈∇µf+µ
ν〉DνP
† 8 2d
(3)
24 I
iPuµχ−DµP
† +H.c. 9 2d
(3)
16 I 9 2D
(3)
23 I
εµνλρP ∗µuνuλu
σDρP
∗†
σ +H.c. 10 −2d
(3)
2 I 10 ∗ I
εµνλρP ∗µuνuλu
σDσP
∗†
ρ +H.c. 11 d
(3)
2 + d
(3)
4 I 11 ∗ I
εµνλρP ∗µuνu
σuλDρP
∗†
σ +H.c. 12 −2d
(3)
2 − 3d
(3)
5
3
2
c˜
(3)
1 + c˜
(3)
10 12 −D
(3)
9
1
2
C˜
(3)
1
εµνλρP ∗µuνu
σuσDλP
∗†
ρ +H.c. 13 −2d
(3)
1 − d
(3)
2 I 13 ∗ I
εµνλρP ∗µu
σuνuλDρP
∗†
σ +H.c. 14 ∗ −C˜
(3)
1 − C˜
(3)
10
εµνλρP ∗µuνu
σuδDλσδP
∗†
ρ +H.c. 14 2d
(3)
3 + d
(3)
4 I 15 ∗ I
εµνλρP ∗µ〈uνuλu
σ〉DρP
∗†
σ +H.c. 16 3D
(3)
10 −
3
2
C˜
(3)
2
εµνλρP ∗µ〈uνu
σ〉uλDρP
∗†
σ +H.c. 17 −2D
(3)
5 +D
(3)
6 I
εµνλρP ∗µ〈uνu
σ〉uλDσP
∗†
ρ 18 ∗ I
εµνλρP ∗µ〈uνu
σ〉uσDλP
∗†
ρ 19 −2D
(3)
5 + 3D
(3)
6 I
εµνλρP ∗µ〈uνu
σ〉uδDλσδP
∗†
ρ 20 2D
(3)
7 − 3D
(3)
8 I
P ∗µuµf−
νλDνP
∗†
λ +H.c. 15 −2d
(3)
18 I 21 −2D
(3)
25 I
P ∗µuνf−µ
λDνP
∗†
λ +H.c. 16 4d
(3)
19 I 22 4D
(3)
26 I
P ∗µuνf−µ
λDλP
∗†
ν +H.c. 17 −2d
(3)
18 c˜
(3)
15 23 −2D
(3)
25 C˜
(3)
21
P ∗µuνf−ν
λDλP
∗†
µ +H.c. 18 2d
(3)
17 −c˜
(3)
2 24 2D
(3)
24 −C˜
(3)
3
P ∗µuµh
νλDνP
∗†
λ +H.c. 19 2d
(3)
22 I 25 2D
(3)
29 I
P ∗µuνhµ
λDνP
∗†
λ +H.c. 20 0 0 26 0 0
P ∗µuνhµ
λDλP
∗†
ν +H.c. 21 −2d
(3)
22 −c˜
(3)
19 27 −2D
(3)
29 −C˜
(3)
25
P ∗µuνhν
λDλP
∗†
µ +H.c. 22 2d
(3)
20 −c˜
(3)
3 28 2D
(3)
27 −C˜
(3)
4
P ∗µuνhλρDνλρP
∗†
µ +H.c. 23 −2d
(3)
21 −c˜
(3)
4 29 −2D
(3)
28 −C˜
(3)
5
P ∗µ〈uµf−
νλ〉DνP
∗†
λ +H.c. 30 −2D
(3)
30 I
P ∗µ〈uνf−µ
λ〉DνP
∗†
λ 31 4D
(3)
31 I
P ∗µ〈uµh
νλ〉DνP
∗†
λ +H.c. 32 2D
(3)
32 I
εµνλρP ∗µ∇νf−λ
σDρP
∗†
σ +H.c. 24 2d
(3)
9 I 33 2D
(3)
15 I
εµνλρP ∗µ∇νf−λ
σDσP
∗†
ρ 25 −2d
(3)
9 + 2d
(3)
10 I 34 −2D
(3)
15 + 2D
(3)
16 I
εµνλρP ∗µ∇νh
σδDλσδP
∗†
ρ 26 2d
(3)
11 I 35 2D
(3)
17 I
iεµνλρP ∗µf+νλu
σDρP
∗†
σ +H.c. 27 −2d
(3)
12 −c˜
(3)
5 36 −2D
(3)
18 −C˜
(3)
6
iεµνλρP ∗µf+νλu
σDσP
∗†
ρ +H.c. 28 −d
(3)
7 I 37 −D
(3)
12 I
iεµνλρP ∗µf+ν
σuλDρP
∗†
σ +H.c. 29 4d
(3)
12 2c˜
(3)
5 38 4D
(3)
18 2C˜
(3)
6
iεµνλρP ∗µf+ν
σuσDλP
∗†
ρ +H.c. 30 2d
(3)
6 I 39 2D
(3)
11 I
iεµνλρP ∗µ〈f+νλ〉u
σDρP
∗†
σ +H.c. 31 −d
(3)
13 −
1
2
c˜
(3)
6
iεµνλρP ∗µ〈f+ν
σ〉uλDρP
∗†
σ +H.c. 32 2d
(3)
13 c˜
(3)
6
iεµνλρP ∗µ〈f+νλu
σ〉DρP
∗†
σ +H.c. 40 −D
(3)
19 −
1
2
C˜
(3)
7
iεµνλρP ∗µ〈f+ν
σuλ〉DρP
∗†
σ +H.c. 41 2D
(3)
19 C˜
(3)
7
iP ∗µ∇µf+
νλDνP
∗†
λ +H.c. 33 0 0 42 0 0
iP ∗µ∇νf+ν
λDλP
∗†
µ 34 −2d
(3)
23 −c˜
(3)
7 43 −2D
(3)
33 −C˜
(3)
8
iP ∗µ〈∇µf+
νλ〉DνP
∗†
λ +H.c. 35 0 0
11
On SU(2) c˜
(3)
n c˜
(3)
n SU(3) C˜
(3)
n C˜
(3)
n
iP ∗µ〈∇νf+ν
λ〉DλP
∗†
µ 36 −2d
(3)
24 −c˜
(3)
8
εµνλρP ∗µuνχ+DλP
∗†
ρ +H.c. 37 −2d
(3)
14 I 44 −2D
(3)
20 I
εµνλρP ∗µ〈uνχ+〉DλP
∗†
ρ 38 −2d
(3)
15 I 45 −2D
(3)
21 I
εµνλρP ∗µ〈χ+〉uνDλP
∗†
ρ 46 −2D
(3)
22 I
iP ∗µuνχ−DνP
∗†
µ +H.c. 39 −2d
(3)
16 −c˜
(3)
9 47 −2D
(3)
23 −C˜
(3)
9
iεµνλρP ∗µ∇νχ−DλP
∗†
ρ 40 −2d
(3)
25 I 48 −2D
(3)
13 I
iεµνλρP ∗µ〈∇νχ−〉DλP
∗†
ρ 41 −2d
(3)
8 I 49 −2D
(3)
14 I
Puµuµu
νP ∗†ν +H.c. 42 4d
(3)
1 c˜
(3)
10 − 2c˜
(3)
13 50 2D
(3)
1 ∗
PuµuνuµP
∗†
ν +H.c. 43 2d
(3)
2 −c˜
(3)
10 51 2D
(3)
2 ∗
PuµuνuνP
∗†
µ +H.c. 52 2D
(3)
1 ∗
PuµuνuλDµνP
∗†
λ +H.c. 44 −4d
(3)
3 − 2d
(3)
11 ∗ 53 ∗ ∗
PuµuνuλDµλP
∗†
ν +H.c. 45 −2d
(3)
4 + 2d
(3)
11 ∗ 54 ∗ ∗
PuµuνuλDνλP
∗†
µ +H.c. 55 ∗ ∗
P 〈uµuµ〉u
νP ∗†ν +H.c. 56 2D
(3)
5 −
3
2
C˜
(3)
17 +
1
2
C˜
(3)
19
P 〈uµuµu
ν〉P ∗†ν +H.c. 57 2D
(3)
6 −C˜
(3)
17 + C˜
(3)
19
P 〈uµuν〉uλDµνP
∗†
λ +H.c. 58 D
(3)
7 ∗
P 〈uµuνuλ〉DµνP
∗†
λ +H.c. 59 2D
(3)
7 − 2D
(3)
8 ∗
εµνλρPuµf−νλP
∗†
ρ +H.c. 46 −2d
(3)
19 −
1
2
c˜
(3)
16 60 −2D
(3)
26 −
1
2
C˜
(3)
22
εµνλρPf−µνuλP
∗†
ρ +H.c. 47 −d
(3)
18
1
2
c˜
(3)
15 61 −D
(3)
25
1
2
C˜
(3)
21
εµνλρPuµf−ν
σDλσP
∗†
ρ +H.c. 48 2d
(3)
18 − 4d
(3)
19 −c˜
(3)
15 − c˜
(3)
16 62 2D
(3)
25 − 4D
(3)
26 −C˜
(3)
21 − C˜
(3)
22
εµνλρPf−µνu
σDλσP
∗†
ρ +H.c. 49 −d
(3)
18 + 2d
(3)
19
1
2
c˜
(3)
15 +
1
2
c˜
(3)
16 63 −D
(3)
25 + 2D
(3)
26
1
2
C˜
(3)
21 +
1
2
C˜
(3)
22
εµνλρPuµhν
σDλσP
∗†
ρ +H.c. 50 2d
(3)
22 c˜
(3)
19 64 2D
(3)
29 C˜
(3)
25
εµνλρPhµ
σuνDλσP
∗†
ρ +H.c. 51 −2d
(3)
22 −c˜
(3)
19 65 −2D
(3)
29 −C˜
(3)
25
εµνλρP 〈uµf−νλ〉P
∗†
ρ +H.c. 66 −2D
(3)
31 −
1
2
C˜
(3)
31
εµνλρP 〈uµf−ν
σ〉DλσP
∗†
ρ +H.c. 67 2D
(3)
30 − 4D
(3)
31 −C˜
(3)
30 − C˜
(3)
31
εµνλρP 〈uµhν
σ〉DλσP
∗†
ρ +H.c. 68 2D
(3)
32 C˜
(3)
32
P∇µf−µ
νP ∗†ν +H.c. 52 2d
(3)
9 c˜
(3)
24 69 2D
(3)
15 C˜
(3)
33
P∇µf−
νλDµνP
∗†
λ +H.c. 53 2d
(3)
10 − 2d
(3)
11 ∗ 70 2D
(3)
16 − 2D
(3)
17 ∗
P∇µhνλDµνP
∗†
λ +H.c. 54 −2d
(3)
11 −c˜
(3)
26 71 −2D
(3)
17 −C˜
(3)
35
iPf+
µνuµP
∗†
ν +H.c. 55 2d
(3)
6 c˜
(3)
30 72 2D
(3)
11 C˜
(3)
39
iPuµf+µ
νP ∗†ν +H.c. 56 −2d
(3)
6 −c˜
(3)
30 73 −2D
(3)
11 −C˜
(3)
39
iPf+
µνuλDµλP
∗†
ν +H.c. 57 2d
(3)
7 − 2d
(3)
11 −c˜
(3)
26 − 2c˜
(3)
28 74 2D
(3)
12 − 2D
(3)
17 −C˜
(3)
35 − 2C˜
(3)
37
iPuµf+
νλDµνP
∗†
λ +H.c. 58 −2d
(3)
7 + 2d
(3)
11 c˜
(3)
26 + 2c˜
(3)
28 75 −2D
(3)
12 + 2D
(3)
17 C˜
(3)
35 + 2C˜
(3)
37
iP 〈f+
µν〉uµP
∗†
ν +H.c. 59 0 0
iP 〈f+
µν〉uλDµλP
∗†
ν +H.c. 60 0 0
iP 〈f+
µνuµ〉P
∗†
ν +H.c. 76 0 0
iP 〈f+
µνuλ〉DµλP
∗†
ν +H.c. 77 0 0
iεµνλρP∇µf+ν
σDλσP
∗†
ρ +H.c. 61 0 0 78 0 0
iεµνλρP 〈∇µf+ν
σ〉DλσP
∗†
ρ +H.c. 62 0 0
Puµχ+P
∗†
µ +H.c. 63 2d
(3)
14 −c˜
(3)
37 79 2D
(3)
20 −C˜
(3)
44
Pχ+u
µP ∗†µ +H.c. 64 2d
(3)
14 −c˜
(3)
37 80 2D
(3)
20 −C˜
(3)
44
P 〈uµχ+〉P
∗†
µ +H.c. 65 2d
(3)
15 −c˜
(3)
38 81 2D
(3)
21 −C˜
(3)
45
P 〈χ+〉u
µP ∗†µ +H.c. 82 2D
(3)
22 −C˜
(3)
46
iP∇µχ−P
∗†
µ +H.c. 66 2d
(3)
25 −c˜
(3)
40 83 2D
(3)
13 −C˜
(3)
48
iP 〈∇µχ−〉P
∗†
µ +H.c. 67 2d
(3)
8 −c˜
(3)
41 84 2D
(3)
14 −C˜
(3)
49
The long relations in the fourth column of Table VII are
c˜
(3)
44 = (c˜
(3)
10 + 2c˜
(3)
11 − c˜(3)26 )− 2c˜(3)14 ,
c˜
(3)
45 = −(c˜(3)10 + 2c˜(3)11 − c˜(3)26 ),
c˜
(3)
53 = c˜
(3)
24 + c˜
(3)
25 − c˜(3)26 . (A1)
The long relations in the sixth column of Table VII are
C˜
(3)
10 = −D(3)2 −D(3)6 +D(3)9 , C˜(3)11 = D(3)2 +D(3)4 +D(3)6 +D(3)8 , C˜(3)13 = −2D(3)1 −D(3)2 − 3D(3)6 ,
12
C˜
(3)
14 = D
(3)
2 +D
(3)
6 +D
(3)
9 , C˜
(3)
15 = 2D
(3)
3 +D
(3)
4 + 3D
(3)
8 , C˜
(3)
18 = 2D
(3)
5 −D(3)6 −D(3)8 ,
C˜
(3)
53 = C˜
(3)
55 = −2D(3)3 − 2D(3)7 −D(3)17 , C˜(3)54 = −2D(3)4 − 2D(3)7 + 2D(3)17 . (A2)
The long relations in the seventh column in Table VII are
C˜
(3)
50 = C˜
(3)
52 =
1
2
C˜
(3)
1 + C˜
(3)
10 − C˜(3)13 + C˜(3)17 − C˜(3)19 , C˜(3)51 = −C˜(3)1 − 2C˜(3)10 + C˜(3)17 − C˜(3)19 ,
C˜
(3)
53 = C˜
(3)
55 =
1
2
C˜
(3)
1 + C˜
(3)
10 + C˜
(3)
11 − C˜(3)15 + C˜(3)17 + C˜(3)18 − C˜(3)20 −
1
2
C˜
(3)
35 ,
C˜
(3)
54 = −C˜(3)1 − 2C˜(3)10 − 2C˜(3)11 + C˜(3)17 + C˜(3)18 − C˜(3)20 + C˜(3)35 , C˜(3)58 = −
3
2
C˜
(3)
17 −
3
2
C˜
(3)
18 +
1
2
C˜
(3)
20 ,
C˜
(3)
59 = −C˜(3)17 − C˜(3)18 + C˜(3)20 , C˜(3)70 = C˜(3)33 + C˜(3)34 − C˜(3)35 . (A3)
TABLE VIII. The O(p3) order results in the HQ limit. When a term Pn is not given a label in the 2nd or 5th (3rd or 6th)
column, it is not independent and can be expressed with terms having a label in the 2nd and 5th (3rd and 6th) columns.
Pn SU(2) SU(3) Pn SU(2) SU(3)
〈Huµuµu
νγ5γνH¯〉+H.c. 1 1 ε
µνλρ〈H〈f+µν〉uλvρH¯〉 13
〈Huµuνuµγ5γνH¯〉 2 2 ε
µνλρ〈H〈f+µνuλ〉vρH¯〉 19
〈Huµuνuλγ5γµvνvλH¯〉+H.c. 3 3 〈Hu
µχ+γ5γµH¯〉+H.c. 14 20
〈Huµuνuλγ5γνvµvλH¯〉 4 4 〈H〈u
µχ+〉γ5γµH¯〉 15 21
〈H〈uµuµ〉u
νγ5γνH¯〉 5 〈H〈χ+〉u
µγ5γµH¯〉 22
〈H〈uµuµu
ν〉γ5γνH¯〉 6 〈Hu
µχ−vµH¯〉+H.c. 16 23
〈H〈uµuν〉uλγ5γµvνvλH¯〉 7 i〈Hu
µf−µ
νvνH¯〉+H.c. 17 24
〈H〈uµuνuλ〉γ5γµvνvλH¯〉 8 〈Hu
µf−
νλσµνvλH¯〉+H.c. 18 25
iεµνλρ〈HuµuνuλvρH¯〉 5 9 〈Hu
µf−
νλσνλvµH¯〉+H.c. 19 26
iεµνλρ〈H〈uµuνuλ〉vρH¯〉 10 i〈Hu
µhµ
νvνH¯〉+H.c. 20 27
i〈Hf+
µνuµγ5γνH¯〉+H.c. 6 11 i〈Hu
µhνλvµvνvλH¯〉+H.c. 21 28
i〈Hf+
µνuλγ5γµvνvλH¯〉+H.c. 7 12 〈Hu
µhνλσµνvλH¯〉+H.c. 22 29
i〈H∇µχ−γ5γµH¯〉 13 〈H〈u
µf−
νλ〉σµνvλH¯〉 30
i〈H〈∇µχ−〉γ5γµH¯〉 8 14 〈H〈u
µf−
νλ〉σνλvµH¯〉 31
〈H∇µf−µ
νγ5γνH¯〉 9 15 〈H〈u
µhνλ〉σµνvλH¯〉 32
〈H∇µf−
νλγ5γνvµvλH¯〉 10 16 〈H∇
µf+µ
νvνH¯〉 23 33
〈H∇µhνλγ5γµvνvλH¯〉 11 17 〈H〈∇
µf+µ
ν〉vνH¯〉 24
εµνλρ〈Hf+µνuλvρH¯〉+H.c. 12 18 i〈H∇
µχ−γ5γµH¯〉 25
TABLE IX: The O(p4) order relativistic results. The columns 2, 3, 7,
and 8 (4, 5, 9, and 10) are for the flavor SU(2) (SU(3)) case. When a
term On is not given a label in the 2nd or 7th (4th or 8th) column, it
is not independent and can be expressed with terms having a label in
the SU(2) (SU(3)) case. “I” means that the structures of those terms
are chosen as independent ones in the HQ limit. “P.” stands for parity-
transformed part.
On SU(2) c˜
(4)
n SU(3) C˜
(4)
n On SU(2) c˜
(4)
n SU(3) C˜
(4)
n
P 〈uµuµ〉u
νuνP
† 1 I 1 I iP ∗µ∇µ∇
νf+
λρDνλP
∗†
ρ +H.c. 182 I 334 I
P 〈uµuν〉uµuνP
† 2 I 2 I iP ∗µ∇ν∇λf+µ
ρDνλP
∗†
ρ 183 I 335 I
P 〈uµuµ〉u
νuλDνλP
† 3 I 3 I P ∗µf+µ
νf+ν
λP ∗†λ 184 I 336 I
P 〈uµuν〉uµu
λDνλP
† +H.c. 4 I 4 I P ∗µf+
νλf+µνP
∗†
λ 185 337
P 〈uµuν〉uλuλDµνP
† 5 I P ∗µf+
νλf+νλP
∗†
µ 186 338
P 〈uµuν〉uλuρDµνλρP
† 5 I 6 I P ∗µf+µ
νf+
λρDνλP
∗†
ρ 187 I 339 I
P 〈uµuµu
ν〉uνP
† 7 I P ∗µf+
νλf+µ
ρDνρP
∗†
λ 188 340
P 〈uµuµu
ν〉uλDνλP
† 8 I P ∗µf+
νλf+ν
ρDλρP
∗†
µ 189 341
P 〈uµuνuλ〉uµDνλP
† 9 I P ∗µ〈f+µ
ν〉f+ν
λP ∗†λ +H.c. 190
P 〈uµuνuλ〉uρDµνλρP
† 10 I P ∗µ〈f+
νλ〉f+νλP
∗†
µ 191
P 〈uµuµu
νuν〉P
† 11 I P ∗µ〈f+µ
ν〉f+
λρDνλP
∗†
ρ +H.c. 192
P 〈uµuνuµuν〉P
† 12 I P ∗µ〈f+
νλ〉f+ν
ρDλρP
∗†
µ 193
P 〈uµuµu
νuλ〉DνλP
† 13 I P ∗µ〈f+µ
νf+ν
λ〉P ∗†λ 342 I
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On SU(2) c˜
(4)
n SU(3) C˜
(4)
n On SU(2) c˜
(4)
n SU(3) C˜
(4)
n
P 〈uµuνuµu
λ〉DνλP
† 14 I P ∗µ〈f+
νλf+νλ〉P
∗†
µ 343
P 〈uµuνuλuρ〉DµνλρP
† 15 I P ∗µ〈f+µ
νf+
λρ〉DνλP
∗†
ρ 344 I
Puµuµu
νuνP
† 16 I P ∗µ〈f+
νλf+ν
ρ〉DλρP
∗†
µ 345
PuµuνuµuνP
† 17 I P ∗µuµu
νχ+P
∗†
ν +H.c. 194 I 346 I
Puµuµu
νuλDνλP
† +H.c. 18 I P ∗µuνuµχ+P
∗†
ν +H.c. 195 347
Puµuνuµu
λDνλP
† +H.c. 19 I P ∗µuνuνχ+P
∗†
µ +H.c. 196 348
εµνλρPuµuνf−λρP
† +H.c. 6 I 20 I P ∗µuµχ+u
νP ∗†ν 197 I 349 I
εµνλρPuµuνf−λ
σDρσP
† +H.c. 7 I 21 I P ∗µuνχ+uµP
∗†
ν 198 350
εµνλρPuµu
σf−νλDρσP
† +H.c. 8 I 22 I P ∗µuνχ+uνP
∗†
µ 199 351
εµνλρPuµf−νλu
σDρσP
† +H.c. 9 I 23 I P ∗µuνuλχ+DνλP
∗†
µ +H.c. 200 352
εµνλρPuµuνhλ
σDρσP
† +H.c. 10 I 24 I P ∗µuνχ+u
λDνλP
∗†
µ 201 353
εµνλρP 〈uµf−νλ〉uρP
† 25 I P ∗µ〈uµu
ν〉χ+P
∗†
ν 354 I
εµνλρP 〈uµf−ν
σ〉uλDρσP
† 26 I P ∗µ〈uµu
νχ+〉P
∗†
ν 202 I 355 I
εµνλρP 〈uµu
σ〉f−νλDρσP
† 27 I P ∗µ〈uνχ+〉uµP
∗†
ν +H.c. 356 I
εµνλρP 〈uµu
σf−νλ〉DρσP
† +H.c. 28 I P ∗µ〈χ+〉uµu
νP ∗†ν 357 I
εµνλρP 〈uµhν
σ〉uλDρσP
† 29 I P ∗µ〈uνuµχ+〉P
∗†
ν 358
Pf−
µνf−µνP
† 30 I P ∗µ〈χ+〉u
νuµP
∗†
ν 359
Pf−
µνf−µ
λDνλP
† 31 I P ∗µ〈uνuν〉χ+P
∗†
µ 360
Pf−
µνhµ
λDνλP
† +H.c. 11 I 32 I P ∗µ〈uνuνχ+〉P
∗†
µ 203 361
PhµνhµνP
† 12 I 33 I P ∗µ〈uνχ+〉uνP
∗†
µ 362
Phµνhµ
λDνλP
† 13 I 34 I P ∗µ〈χ+〉u
νuνP
∗†
µ 363
PhµνhλρDµνλρP
† 14 I 35 I P ∗µ〈uνuλ〉χ+DνλP
∗†
µ 364
Puµ∇νf−µνP
† +H.c. 15 I 36 I P ∗µ〈uνuλχ+〉DνλP
∗†
µ 204 365
Puµ∇νf−µ
λDνλP
† +H.c. 16 I 37 I P ∗µ〈uνχ+〉u
λDνλP
∗†
µ 366
Puµ∇νf−ν
λDµλP
† +H.c. 17 I 38 I P ∗µ〈χ+〉u
νuλDνλP
∗†
µ 367
Puµ∇µh
νλDνλP
† +H.c. 18 I 39 I εµνλρP ∗µf−νλχ+P
∗†
ρ +H.c. 205 I 368 I
Puµ∇νhλρDµνλρP
† +H.c. 19 I 40 I εµνλρP ∗µhν
σχ+DλσP
∗†
ρ +H.c. 206 I 369 I
P 〈f−
µνhµ
λ〉DνλP
† 41 I εµνλρP ∗µuν∇λχ+P
∗†
ρ +H.c. 207 I 370 I
P 〈hµνhµν〉P
† 42 I εµνλρP ∗µuν∇
σχ+DλσP
∗†
ρ +H.c. 208 I 371 I
P 〈hµνhµ
λ〉DνλP
† 43 I P ∗µ∇µ∇
νχ+P
∗†
ν 209 I 372 I
P 〈hµνhλρ〉DµνλρP
† 44 I P ∗µ∇ν∇νχ+P
∗†
µ 210 373
P 〈uµ∇νf−µν〉P
† 45 I P ∗µ∇ν∇λχ+DνλP
∗†
µ 211 374
P 〈uµ∇νf−µ
λ〉DνλP
† 46 I P ∗µ〈∇µ∇
νχ+〉P
∗†
ν 212 I 375 I
P 〈uµ∇νf−ν
λ〉DµλP
† 47 I P ∗µ〈∇ν∇νχ+〉P
∗†
µ 213 376
P 〈uµ∇µh
νλ〉DνλP
† 48 I P ∗µ〈∇ν∇λχ+〉DνλP
∗†
µ 214 377
P 〈uµ∇νhλρ〉DµνλρP
† 49 I iP ∗µf+µ
νχ+P
∗†
ν +H.c. 215 I 378 I
iPf+
µνuµuνP
† +H.c. 20 I 50 I iP ∗µ〈f+µ
ν〉χ+P
∗†
ν 216 I
iPuµf+µ
νuνP
† 21 I 51 I iP ∗µ〈f+µ
νχ+〉P
∗†
ν 217 I 379 I
iPf+
µνuµu
λDνλP
† +H.c. 22 I 52 I iP ∗µ〈χ+〉f+µ
νP ∗†ν 218 I 380 I
iPf+
µνuλuµDνλP
† +H.c. 53 I P ∗µχ2+P
∗†
µ 219 381
iPuµf+µ
νuλDνλP
† +H.c. 23 I 54 I P ∗µ〈χ+〉χ+P
∗†
µ 382
iP 〈f+
µνuµuν〉P
† 55 I P ∗µ〈χ2+〉P
∗†
µ 220 383
iP 〈f+
µνuµu
λ〉DνλP
† +H.c. 56 I P ∗µ〈χ+〉〈χ+〉P
∗†
µ 384
iεµνλρPf+µνf−λρP
† +H.c. 24 I 57 I iεµνλρP ∗µuνuλχ−P
∗†
ρ +H.c. 221 I 385 I
iεµνλρPf+µνf−λ
σDρσP
† +H.c. 25 I 58 I iεµνλρP ∗µuνχ−uλP
∗†
ρ 222 I 386 I
iεµνλρPf+µνhλ
σDρσP
† +H.c. 26 I 59 I iεµνλρP ∗µuνu
σχ−DλσP
∗†
ρ +H.c. 387 I
iεµνλρP∇µf+ν
σuλDρσP
† +H.c. 27 I 60 I iεµνλρP ∗µ〈uνuλχ−〉P
∗†
ρ 388 I
Pf+
µνf+µνP
† 28 I 61 I iεµνλρP ∗µ〈χ−〉uνuλP
∗†
ρ 389 I
Pf+
µνf+µ
λDνλP
† 29 I 62 I iP ∗µf−µ
νχ−P
∗†
ν +H.c. 223 I 390 I
P 〈f+
µν〉f+µνP
† 30 I iP ∗µhµ
νχ−P
∗†
ν +H.c. 224 I 391 I
P 〈f+
µν〉f+µ
λDνλP
† 31 I iP ∗µhνλχ−DνλP
∗†
µ +H.c. 225 392
P 〈f+
µνf+µν〉P
† 63 I iP ∗µuµ∇
νχ−P
∗†
ν +H.c. 226 I 393 I
P 〈f+
µνf+µ
λ〉DνλP
† 64 I iP ∗µuν∇µχ−P
∗†
ν +H.c. 227 394
Puµuµχ+P
† +H.c. 32 I 65 I iP ∗µuν∇νχ−P
∗†
µ +H.c. 228 395
Puµχ+uµP
† 33 I 66 I iP ∗µuν∇λχ−DνλP
∗†
µ +H.c. 229 396
Puµuνχ+DµνP
† +H.c. 34 I 67 I iP ∗µ〈hµ
νχ−〉P
∗†
ν 230 I 397 I
Puµχ+u
νDµνP
† 35 I 68 I iP ∗µ〈χ−〉hµ
νP ∗†ν 398 I
P 〈uµuµ〉χ+P
† 69 I iP ∗µ〈hνλχ−〉DνλP
∗†
µ 231 399
P 〈uµuµχ+〉P
† 36 I 70 I iP ∗µ〈χ−〉h
νλDνλP
∗†
µ 400
14
On SU(2) c˜
(4)
n SU(3) C˜
(4)
n On SU(2) c˜
(4)
n SU(3) C˜
(4)
n
P 〈uµχ+〉uµP
† 71 I iP ∗µ〈uµ∇
νχ−〉P
∗†
ν +H.c. 232 I 401 I
P 〈χ+〉u
µuµP
† 72 I iP ∗µ〈∇νχ−〉uµP
∗†
ν +H.c. 402 I
P 〈uµuν〉χ+DµνP
† 73 I iP ∗µ〈uν∇νχ−〉P
∗†
µ 233 403
P 〈uµuνχ+〉DµνP
† 37 I 74 I iP ∗µ〈∇νχ−〉uνP
∗†
µ 404
P 〈uµχ+〉u
νDµνP
† 75 I iP ∗µ〈uν∇λχ−〉DνλP
∗†
µ 234 405
P 〈χ+〉u
µuνDµνP
† 76 I iP ∗µ〈∇νχ−〉u
λDνλP
∗†
µ 406
P∇µ∇µχ+P
† 38 I 77 I εµνλρP ∗µf+νλχ−P
∗†
ρ +H.c. 235 I 407 I
P∇µ∇νχ+DµνP
† 39 I 78 I εµνλρP ∗µ〈f+νλ〉χ−P
∗†
ρ 236 I
P 〈∇µ∇µχ+〉P
† 40 I 79 I εµνλρP ∗µ〈f+νλχ−〉P
∗†
ρ 237 I 408 I
P 〈∇µ∇νχ+〉DµνP
† 41 I 80 I εµνλρP ∗µ〈χ−〉f+νλP
∗†
ρ 238 I 409 I
Pχ2+P
† 42 I 81 I P ∗µχ2−P
∗†
µ 239 410
P 〈χ+〉χ+P
† 82 I P ∗µ〈χ−〉χ−P
∗†
µ 240 411
P 〈χ2+〉P
† 43 I 83 I P ∗µ〈χ−〉〈χ−〉P
∗†
µ 412
P 〈χ+〉〈χ+〉P
† 84 I iP ∗µ〈DµD
νFLν
λ〉P ∗†λ + P.+H.c. 241 I
iPhµνχ−DµνP
† +H.c. 44 I 85 I iP ∗µ〈DµD
νFL
λρ〉DνλP
∗†
ρ + P.+H.c. 242 I
iPuµ∇µχ−P
† +H.c. 45 I 86 I P ∗µ〈FLµ
νFLν
λ〉P ∗†λ +H.c. 243 413 I
iPuµ∇νχ−DµνP
† +H.c. 46 I 87 I P ∗µ〈FL
νλFLνλ〉P
∗†
µ +H.c. 244 414
iP 〈hµνχ−〉DµνP
† 47 I 88 I P ∗µ〈FLµ
νFL
λρ〉DνλP
∗†
ρ +H.c. 245 415 I
iP 〈χ−〉h
µνDµνP
† 89 I P ∗µ〈FL
νλFLν
ρ〉DλρP
∗†
µ +H.c. 246 416
iP 〈uµ∇µχ−〉P
† 48 I 90 I P ∗µ〈FLµ
ν〉〈FLν
λ〉P ∗†λ +H.c. 247
iP 〈∇µχ−〉uµP
† 91 I P ∗µ〈FL
νλ〉〈FLνλ〉P
∗†
µ +H.c. 248
iP 〈uµ∇νχ−〉DµνP
† 49 I 92 I P ∗µ〈FLµ
ν〉〈FL
λρ〉DνλP
∗†
ρ +H.c. 249
iP 〈∇µχ−〉u
νDµνP
† 93 I P ∗µ〈FL
νλ〉〈FLν
ρ〉DλρP
∗†
µ +H.c. 250
Pχ2−P
† 50 I 94 I iεµνλρP ∗µ〈FLνλFL
σδ〉DρσP
∗†
δ + P.+H.c. 251 I 417 I
P 〈χ−〉χ−P
† 51 I 95 I P ∗µ〈χχ†〉P ∗†µ 252 418
P 〈χ−〉〈χ−〉P
† 96 I P ∗µ detχP ∗†µ +H.c. 253
P 〈FL
µνFLµν〉P
† +H.c. 52 I 97 I εµνλρPuµuνuλu
σDρP
∗†
σ +H.c. 254 419
P 〈FL
µνFLµ
λ〉DνλP
† +H.c. 53 I 98 I εµνλρPuµuνuλu
σDσP
∗†
ρ +H.c. 255 420
P 〈FL
µν〉〈FLµν〉P
† +H.c. 54 I εµνλρPuµuνu
σuλDρP
∗†
σ +H.c. 421
P 〈FL
µν〉〈FLµ
λ〉DνλP
† +H.c. 55 I εµνλρPuµuνu
σuλDσP
∗†
ρ +H.c. 422
P 〈χχ†〉P † 56 I 99 I εµνλρPuµuνu
σuσDλP
∗†
ρ +H.c. 256 423
P detχP † +H.c. 57 I εµνλρPuµu
σuνuλDρP
∗†
σ +H.c. 424
P ∗µ〈uµu
ν〉uνu
λP ∗†λ +H.c. 58 I 100 I ε
µνλρPuµu
σuνuλDσP
∗†
ρ +H.c. 425
P ∗µ〈uµu
ν〉uλuνP
∗†
λ +H.c. 59 101 I ε
µνλρPuµu
σuνuσDλP
∗†
ρ +H.c. 426
P ∗µ〈uµu
ν〉uλuλP
∗†
ν 60 I 102 I ε
µνλρPuµu
σuσuνDλP
∗†
ρ +H.c. 427
P ∗µ〈uνuν〉uµu
λP ∗†λ 61 103 I ε
µνλρPuµuνu
σuδDλσδP
∗†
ρ +H.c. 257 428
P ∗µ〈uνuν〉u
λuµP
∗†
λ 104 ε
µνλρPuµu
σuνu
δDλσδP
∗†
ρ +H.c. 429
P ∗µ〈uνuν〉u
λuλP
∗†
µ 62 105 ε
µνλρPuµu
σuδuνDλσδP
∗†
ρ +H.c. 430
P ∗µ〈uνuλ〉uνuλP
∗†
µ 63 106 ε
µνλρP 〈uµu
σ〉uνuλDρP
∗†
σ +H.c. 431
P ∗µ〈uµu
ν〉uλuρDνλP
∗†
ρ +H.c. 64 I 107 I ε
µνλρP 〈uµu
σ〉uνuλDσP
∗†
ρ +H.c. 432
P ∗µ〈uµu
ν〉uλuρDνρP
∗†
λ +H.c. 65 108 I ε
µνλρP 〈uµu
σ〉uνuσDλP
∗†
ρ +H.c. 433 I
P ∗µ〈uµu
ν〉uλuρDλρP
∗†
ν 66 I 109 I ε
µνλρP 〈uµu
σ〉uνu
δDλσδP
∗†
ρ +H.c. 434 I
P ∗µ〈uνuν〉u
λuρDλρP
∗†
µ 67 110 ε
µνλρP 〈uµuνuλ〉u
σDρP
∗†
σ +H.c. 435
P ∗µ〈uνuλ〉uµu
ρDνλP
∗†
ρ 68 111 I ε
µνλρP 〈uµuνuλ〉u
σDσP
∗†
ρ +H.c. 436
P ∗µ〈uνuλ〉uνu
ρDλρP
∗†
µ +H.c. 69 112 P 〈u
µuµ〉f−
νλDνP
∗†
λ +H.c. 258 I 437
P ∗µ〈uνuλ〉uρuµDνλP
∗†
ρ 113 P 〈u
µuν〉f−µ
λDνP
∗†
λ +H.c. 259 I 438
P ∗µ〈uνuλ〉uρuρDνλP
∗†
µ 114 P 〈u
µuν〉f−µ
λDλP
∗†
ν +H.c. 260 I 439
P ∗µ〈uνuλ〉uρuσDνλρσP
∗†
µ 70 115 P 〈u
µuν〉f−
λρDµνλP
∗†
ρ +H.c. 261 I 440
P ∗µ〈uµu
νuν〉u
λP ∗†λ +H.c. 116 P 〈u
µuµ〉h
νλDνP
∗†
λ +H.c. 262 I 441
P ∗µ〈uµu
νuλ〉uνP
∗†
λ 117 I P 〈u
µuν〉hµ
λDνP
∗†
λ +H.c. 263 I 442
P ∗µ〈uµu
νuλ〉uλP
∗†
ν 118 P 〈u
µuν〉hµ
λDλP
∗†
ν +H.c. 264 I 443
P ∗µ〈uνuνu
λ〉uλP
∗†
µ 119 P 〈u
µuν〉hλρDµνλP
∗†
ρ +H.c. 265 I 444
P ∗µ〈uµu
νuλ〉uρDνλP
∗†
ρ +H.c. 120 P 〈u
µuν〉hλρDµλρP
∗†
ν +H.c. 266 I 445
P ∗µ〈uµu
νuλ〉uρDνρP
∗†
λ 121 I P 〈u
µf−µ
ν〉uλDλP
∗†
ν +H.c. 267 I 446
P ∗µ〈uµu
νuλ〉uρDλρP
∗†
ν 122 P 〈u
µf−µ
ν〉uλDνP
∗†
λ +H.c. 268 I 447
P ∗µ〈uνuνu
λ〉uρDλρP
∗†
µ 123 P 〈u
µf−
νλ〉uµDνP
∗†
λ +H.c. 269 I 448
P ∗µ〈uνuλuρ〉uνDλρP
∗†
µ 124 P 〈u
µf−
νλ〉uνDµP
∗†
λ +H.c. 270 I 449
P ∗µ〈uνuλuρ〉uσDνλρσP
∗†
µ 125 P 〈u
µf−
νλ〉uνDλP
∗†
µ +H.c. 271 I 450
P ∗µ〈uµu
νuνu
λ〉P ∗†λ 126 I P 〈u
µf−
νλ〉uρDµνρP
∗†
λ +H.c. 272 I 451
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On SU(2) c˜
(4)
n SU(3) C˜
(4)
n On SU(2) c˜
(4)
n SU(3) C˜
(4)
n
P ∗µ〈uµu
νuλuν〉P
∗†
λ 127 I P 〈u
µhµ
ν〉uλDλP
∗†
ν +H.c. 273 I 452
P ∗µ〈uµu
νuλuλ〉P
∗†
ν 128 P 〈u
µhµ
ν〉uλDνP
∗†
λ +H.c. 274 I 453
P ∗µ〈uνuνu
λuλ〉P
∗†
µ 129 P 〈u
µhνλ〉uµDνP
∗†
λ +H.c. 275 I 454
P ∗µ〈uνuλuνuλ〉P
∗†
µ 130 P 〈u
µhνλ〉uνDµP
∗†
λ +H.c. 276 I 455
P ∗µ〈uµu
νuλuρ〉DνλP
∗†
ρ 131 I P 〈u
µhνλ〉uνDλP
∗†
µ +H.c. 277 I 456
P ∗µ〈uµu
νuλuρ〉DνρP
∗†
λ 132 I P 〈u
µhνλ〉uρDµνρP
∗†
λ +H.c. 278 I 457
P ∗µ〈uµu
νuλuρ〉DλρP
∗†
ν 133 P 〈u
µhνλ〉uρDµνλP
∗†
ρ +H.c. 279 I 458
P ∗µ〈uνuνu
λuρ〉DλρP
∗†
µ 134 P 〈u
µhνλ〉uρDνλρP
∗†
µ +H.c. 280 I 459
P ∗µ〈uνuλuνu
ρ〉DλρP
∗†
µ 135 P 〈u
µuµf−
νλ〉DνP
∗†
λ +H.c. 460
P ∗µ〈uνuλuρuσ〉DνλρσP
∗†
µ 136 P 〈u
µuνf−µ
λ〉DνP
∗†
λ +H.c. 281 461
P ∗µuµu
νuνu
λP ∗†λ 137 P 〈u
µuνf−µ
λ〉DλP
∗†
ν +H.c. 282 462
P ∗µuµu
νuλuνP
∗†
λ +H.c. 138 P 〈u
µuνf−ν
λ〉DµP
∗†
λ +H.c. 463
P ∗µuνuµu
λuνP
∗†
λ 139 P 〈u
µuνf−ν
λ〉DλP
∗†
µ +H.c. 464
P ∗µuνuµu
λuλP
∗†
ν +H.c. 140 P 〈u
µuνf−
λρ〉DµνλP
∗†
ρ +H.c. 465
P ∗µuνuνu
λuλP
∗†
µ 141 P 〈u
µuµh
νλ〉DνP
∗†
λ +H.c. 466
P ∗µuνuλuνuλP
∗†
µ 142 P 〈u
µuνhµ
λ〉DνP
∗†
λ +H.c. 283 467
P ∗µuµu
νuλuρDνλP
∗†
ρ 143 I P 〈u
µuνhµ
λ〉DλP
∗†
ν +H.c. 284 468
P ∗µuµu
νuλuρDνρP
∗†
λ +H.c. 144 P 〈u
µuνhν
λ〉DµP
∗†
λ +H.c. 469
P ∗µuνuµu
λuρDνρP
∗†
λ 145 P 〈u
µuνhν
λ〉DλP
∗†
µ +H.c. 470
P ∗µuνuµu
λuρDλρP
∗†
ν +H.c. 146 P 〈u
µuνhλρ〉DµνλP
∗†
ρ +H.c. 471
P ∗µuνuνu
λuρDλρP
∗†
µ +H.c. 147 P 〈u
µuνhλρ〉DµλρP
∗†
ν +H.c. 285 472
P ∗µuνuλuνu
ρDλρP
∗†
µ +H.c. 148 P 〈u
µuνhλρ〉DνλρP
∗†
µ +H.c. 473
εµνλρP ∗µuνuλf−ρ
σP ∗†σ +H.c. 71 149 Pu
µuµf−
νλDνP
∗†
λ +H.c. 474
εµνλρP ∗µuνu
σf−λρP
∗†
σ +H.c. 72 150 Pu
µuνf−µ
λDνP
∗†
λ +H.c. 475
εµνλρP ∗µuνu
σf−λσP
∗†
ρ +H.c. 73 I 151 I Pu
µuνf−µ
λDλP
∗†
ν +H.c. 476
εµνλρP ∗µu
σuνf−λρP
∗†
σ +H.c. 74 152 Pu
µuνf−ν
λDµP
∗†
λ +H.c. 477
εµνλρP ∗µu
σuνf−λσP
∗†
ρ +H.c. 153 I Pu
µuνf−ν
λDλP
∗†
µ +H.c. 478
εµνλρP ∗µu
σuσf−νλP
∗†
ρ +H.c. 154 I Pu
µuνf−
λρDµνλP
∗†
ρ +H.c. 479
εµνλρP ∗µuνuλf−
σδDρσP
∗†
δ +H.c. 75 155 Pu
µuµh
νλDνP
∗†
λ +H.c. 480
εµνλρP ∗µuνu
σf−λ
δDρσP
∗†
δ +H.c. 76 156 Pu
µuνhµ
λDνP
∗†
λ +H.c. 481
εµνλρP ∗µuνu
σf−λ
δDρδP
∗†
σ +H.c. 77 157 Pu
µuνhµ
λDλP
∗†
ν +H.c. 482
εµνλρP ∗µuνu
σf−λ
δDσδP
∗†
ρ +H.c. 158 I Pu
µuνhν
λDµP
∗†
λ +H.c. 483
εµνλρP ∗µuνu
σf−σ
δDλδP
∗†
ρ +H.c. 78 I 159 I Pu
µuνhν
λDλP
∗†
µ +H.c. 484
εµνλρP ∗µu
σuνf−λ
δDρδP
∗†
σ +H.c. 79 160 Pu
µuνhλρDµνλP
∗†
ρ +H.c. 485
εµνλρP ∗µu
σuνf−σ
δDλδP
∗†
ρ +H.c. 161 I Pu
µuνhλρDµλρP
∗†
ν +H.c. 486
εµνλρP ∗µuνuλhρ
σP ∗†σ +H.c. 80 I 162 I Pu
µuνhλρDνλρP
∗†
µ +H.c. 487
εµνλρP ∗µuνu
σhλσP
∗†
ρ +H.c. 81 I 163 I Pu
µf−µ
νuλDνP
∗†
λ +H.c. 488
εµνλρP ∗µu
σuνhλσP
∗†
ρ +H.c. 164 I Pu
µf−µ
νuλDλP
∗†
ν +H.c. 489
εµνλρP ∗µuνuλh
σδDρσP
∗†
δ +H.c. 82 165 Pu
µf−
νλuµDνP
∗†
λ +H.c. 490
εµνλρP ∗µuνuλh
σδDσδP
∗†
ρ +H.c. 83 I 166 I Pu
µf−
νλuνDµP
∗†
λ +H.c. 491
εµνλρP ∗µuνu
σhλ
δDρσP
∗†
δ +H.c. 84 I 167 I Pu
µf−
νλuνDλP
∗†
µ +H.c. 492
εµνλρP ∗µuνu
σhλ
δDρδP
∗†
σ +H.c. 85 168 Pu
µf−
νλuρDµνρP
∗†
λ +H.c. 493
εµνλρP ∗µuνu
σhλ
δDσδP
∗†
ρ +H.c. 169 I Pu
µhµ
νuλDνP
∗†
λ +H.c. 494
εµνλρP ∗µuνu
σhσ
δDλδP
∗†
ρ +H.c. 86 I 170 I Pu
µhµ
νuλDλP
∗†
ν +H.c. 495
εµνλρP ∗µu
σuνhλ
δDρδP
∗†
σ +H.c. 87 171 Pu
µhνλuµDνP
∗†
λ +H.c. 496
εµνλρP ∗µu
σuνhσ
δDλδP
∗†
ρ +H.c. 172 I Pu
µhνλuνDµP
∗†
λ +H.c. 497
εµνλρP ∗µu
σuσhν
δDλδP
∗†
ρ +H.c. 173 I Pu
µhνλuνDλP
∗†
µ +H.c. 498
εµνλρP ∗µuνu
σhδαDλσδαP
∗†
ρ +H.c. 174 I Pu
µhνλuρDµνλP
∗†
ρ +H.c. 499
εµνλρP ∗µuνf−λρu
σP ∗†σ +H.c. 88 175 Pu
µhνλuρDµνρP
∗†
λ +H.c. 500
εµνλρP ∗µuνf−λ
σuρP
∗†
σ +H.c. 176 I Pu
µhνλuρDνλρP
∗†
µ +H.c. 501
εµνλρP ∗µuνf−λ
σuδDρσP
∗†
δ +H.c. 89 177 Pf−
µνuµu
λDνP
∗†
λ +H.c. 502
εµνλρP ∗µuνf−λ
σuδDρδP
∗†
σ +H.c. 90 178 Pf−
µνuµu
λDλP
∗†
ν +H.c. 503
εµνλρP ∗µuνf−
σδuλDρσP
∗†
δ +H.c. 179 I Ph
µνuµu
λDνP
∗†
λ +H.c. 504
εµνλρP ∗µuνhλ
σuρP
∗†
σ +H.c. 180 I Ph
µνuµu
λDλP
∗†
ν +H.c. 505
εµνλρP ∗µuνhλ
σuδDρσP
∗†
δ +H.c. 91 I 181 I Ph
µνuλuρDµνλP
∗†
ρ +H.c. 506
εµνλρP ∗µuνhλ
σuδDρδP
∗†
σ +H.c. 92 I 182 I ε
µνλρPuµ∇νf−λ
σDρP
∗†
σ +H.c. 286 507
εµνλρP ∗µuνhλ
σuδDσδP
∗†
ρ +H.c. 183 I ε
µνλρPuµ∇νf−λ
σDσP
∗†
ρ +H.c. 287 508
εµνλρP ∗µuνh
σδuλDρσP
∗†
δ +H.c. 184 I ε
µνλρPuµ∇
σf−νσDλP
∗†
ρ +H.c. 288 509
εµνλρP ∗µ〈uνu
σ〉f−λρP
∗†
σ +H.c. 185 ε
µνλρPuµ∇
σf−ν
δDλσδP
∗†
ρ +H.c. 289 510
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εµνλρP ∗µ〈uνu
σ〉f−λ
δDρσP
∗†
δ +H.c. 186 ε
µνλρPuµ∇νh
σδDλσδP
∗†
ρ +H.c. 290 511
εµνλρP ∗µ〈uνu
σ〉f−λ
δDρδP
∗†
σ +H.c. 187 ε
µνλρP∇µf−ν
σuλDρP
∗†
σ +H.c. 291 512
εµνλρP ∗µ〈uνu
σ〉hλ
δDρσP
∗†
δ +H.c. 188 I ε
µνλρP∇µf−ν
σuλDσP
∗†
ρ +H.c. 292 513
εµνλρP ∗µ〈uνu
σ〉hλ
δDρδP
∗†
σ +H.c. 189 I ε
µνλρP∇µf−ν
σuσDλP
∗†
ρ +H.c. 293 514
εµνλρP ∗µ〈uνf−λρ〉u
σP ∗†σ +H.c. 190 ε
µνλρP∇µf−ν
σuδDλσδP
∗†
ρ +H.c. 294 515
εµνλρP ∗µ〈uνf−λ
σ〉uρP
∗†
σ +H.c. 191 ε
µνλρPf−µνf−λ
σDρP
∗†
σ +H.c. 295 516
εµνλρP ∗µ〈u
σf−νλ〉uρP
∗†
σ +H.c. 192 ε
µνλρPf−µνf−λ
σDσP
∗†
ρ +H.c. 296 517
εµνλρP ∗µ〈uνf−λ
σ〉uδDρδP
∗†
σ +H.c. 193 ε
µνλρPf−µνhλ
σDρP
∗†
σ +H.c. 297 518
εµνλρP ∗µ〈uνf−λ
σ〉uδDρσP
∗†
δ +H.c. 194 ε
µνλρPf−µνhλ
σDσP
∗†
ρ +H.c. 298 519
εµνλρP ∗µ〈uνf−
σδ〉uλDρσP
∗†
δ +H.c. 195 ε
µνλρPf−µνh
σδDλσδP
∗†
ρ +H.c. 299 520
εµνλρP ∗µ〈u
σf−νλ〉u
δDρδP
∗†
σ +H.c. 196 ε
µνλρP∇µh
σδuνDλσδP
∗†
ρ +H.c. 300 521
εµνλρP ∗µ〈uνhλ
σ〉uρP
∗†
σ +H.c. 197 I ε
µνλρPhµ
σf−νλDρP
∗†
σ +H.c. 301 522
εµνλρP ∗µ〈uνhλ
σ〉uδDρδP
∗†
σ +H.c. 198 I ε
µνλρPhµ
σf−νλDσP
∗†
ρ +H.c. 302 523
εµνλρP ∗µ〈uνhλ
σ〉uδDρσP
∗†
δ +H.c. 199 ε
µνλρPhµ
σf−ν
δDλσδP
∗†
ρ +H.c. 303 524
εµνλρP ∗µ〈uνh
σδ〉uλDρσP
∗†
δ +H.c. 200 ε
µνλρPhµ
σhνσDλP
∗†
ρ +H.c. 304 525
εµνλρP ∗µ〈u
σhν
δ〉uλDρδP
∗†
σ +H.c. 201 ε
µνλρPhµ
σhν
δDλσδP
∗†
ρ +H.c. 305 526
εµνλρP ∗µ〈uνuλf−ρ
σ〉P ∗†σ +H.c. 202 I ε
µνλρP 〈uµ∇νf−λ
σ〉DρP
∗†
σ +H.c. 527 I
εµνλρP ∗µ〈uνuλf−
σδ〉DρσP
∗†
δ +H.c. 203 I ε
µνλρP 〈uµ∇νf−λ
σ〉DσP
∗†
ρ +H.c. 528 I
εµνλρP ∗µ〈uνuλhρ
σ〉P ∗†σ +H.c. 204 I ε
µνλρP 〈uµ∇
σf−νσ〉DλP
∗†
ρ +H.c. 529 I
εµνλρP ∗µ〈uνuλh
σδ〉DρσP
∗†
δ +H.c. 205 I ε
µνλρP 〈uµ∇
σf−ν
δ〉DλσδP
∗†
ρ +H.c. 530 I
εµνλρP ∗µ〈uνuλh
σδ〉DσδP
∗†
ρ 206 I ε
µνλρP 〈uµ∇νh
σδ〉DλσδP
∗†
ρ +H.c. 531 I
P ∗µ〈uµ∇
νf−ν
λ〉P ∗†λ +H.c. 93 I 207 I ε
µνλρP 〈f−µνhλ
σ〉DρP
∗†
σ +H.c. 532 I
P ∗µ〈uν∇µf−ν
λ〉P ∗†λ +H.c. 94 I 208 I ε
µνλρP 〈f−µνhλ
σ〉DσP
∗†
ρ +H.c. 533 I
P ∗µ〈uν∇λf−νλ〉P
∗†
µ 95 209 ε
µνλρP 〈f−µνh
σδ〉DλσδP
∗†
ρ +H.c. 534 I
P ∗µ〈uµ∇
νf−
λρ〉DνλP
∗†
ρ +H.c. 96 I 210 I P∇
µ∇µf−
νλDνP
∗†
λ +H.c. 306 I 535 I
P ∗µ〈uν∇µf−
λρ〉DνλP
∗†
ρ +H.c. 97 I 211 I P∇
µ∇νf−µ
λDνP
∗†
λ +H.c. 307 I 536 I
P ∗µ〈uν∇λf−ν
ρ〉DλρP
∗†
µ 98 212 P∇
µ∇νf−
λρDµνλP
∗†
ρ +H.c. 308 I 537 I
P ∗µ〈uν∇λf−λ
ρ〉DνρP
∗†
µ 99 213 P∇
µ∇νhλρDµνλP
∗†
ρ +H.c. 309 I 538 I
P ∗µ〈uν∇µhν
λ〉P ∗†λ +H.c. 100 I 214 I iε
µνλρPf+µνuλu
σDρP
∗†
σ +H.c. 310 539
P ∗µ〈uµ∇
νhλρ〉DνλP
∗†
ρ +H.c. 101 I 215 I iε
µνλρPf+µνuλu
σDσP
∗†
ρ +H.c. 311 540
P ∗µ〈uν∇µh
λρ〉DνλP
∗†
ρ +H.c. 102 I 216 I iε
µνλρPf+µνu
σuλDρP
∗†
σ +H.c. 312 541
P ∗µ〈uν∇νh
λρ〉DλρP
∗†
µ 103 217 iε
µνλρPf+µνu
σuλDσP
∗†
ρ +H.c. 313 542
P ∗µ〈uν∇λhρσ〉DνλρσP
∗†
µ 104 218 iε
µνλρPf+µνu
σuσDλP
∗†
ρ +H.c. 314 543
P ∗µ〈f−µ
νhν
λ〉P ∗†λ +H.c. 105 I 219 I iε
µνλρPf+µνu
σuδDλσδP
∗†
ρ +H.c. 315 544
P ∗µ〈f−µ
νhλρ〉DνλP
∗†
ρ +H.c. 106 I 220 I iε
µνλρPuµf+νλu
σDρP
∗†
σ +H.c. 316 545
P ∗µ〈f−
νλhν
ρ〉DλρP
∗†
µ 107 221 iε
µνλρPuµf+νλu
σDσP
∗†
ρ +H.c. 317 546
P ∗µ〈hµ
νhν
λ〉P ∗†λ 108 I 222 I iε
µνλρPuµf+ν
σuλDρP
∗†
σ +H.c. 318 547
P ∗µ〈hνλhνλ〉P
∗†
µ 109 223 iε
µνλρPuµf+ν
σuλDσP
∗†
ρ +H.c. 319 548
P ∗µ〈hµ
νhλρ〉DνλP
∗†
ρ 110 I 224 I iε
µνλρPuµf+ν
σuσDλP
∗†
ρ +H.c. 320 549
P ∗µ〈hµ
νhλρ〉DλρP
∗†
ν 111 I 225 I iε
µνλρPuµf+ν
σuδDλσδP
∗†
ρ +H.c. 321 550
P ∗µ〈hνλhν
ρ〉DλρP
∗†
µ 112 226 iε
µνλρPuµuνf+λ
σDρP
∗†
σ +H.c. 322 551
P ∗µ〈hνλhρσ〉DνλρσP
∗†
µ 113 227 iε
µνλρPuµuνf+λ
σDσP
∗†
ρ +H.c. 323 552
P ∗µuµ∇
νf−ν
λP ∗†λ +H.c. 114 228 I iε
µνλρP 〈f+µν〉uλu
σDρP
∗†
σ +H.c. 324
P ∗µuν∇µf−ν
λP ∗†λ +H.c. 115 229 I iε
µνλρP 〈f+µν〉uλu
σDσP
∗†
ρ +H.c. 325
P ∗µuν∇νf−µ
λP ∗†λ +H.c. 230 I iε
µνλρP 〈f+µν〉u
σuσDλP
∗†
ρ +H.c. 326
P ∗µuν∇λf−µλP
∗†
ν +H.c. 231 iε
µνλρP 〈f+µν〉u
σuδDλσδP
∗†
ρ +H.c. 327
P ∗µuν∇λf−νλP
∗†
µ +H.c. 232 iε
µνλρPuµu
σf+νλDρP
∗†
σ +H.c. 553
P ∗µuµ∇
νf−
λρDνλP
∗†
ρ +H.c. 116 233 I iε
µνλρPuµu
σf+νλDσP
∗†
ρ +H.c. 554
P ∗µuν∇µf−
λρDνλP
∗†
ρ +H.c. 117 234 I iε
µνλρPuµu
σf+νσDλP
∗†
ρ +H.c. 555
P ∗µuν∇λf−µ
ρDνλP
∗†
ρ +H.c. 235 I iε
µνλρPuµu
σf+ν
δDλσδP
∗†
ρ +H.c. 556
P ∗µuν∇λf−µ
ρDλρP
∗†
ν +H.c. 236 iε
µνλρP 〈f+µνuλ〉u
σDρP
∗†
σ +H.c. 557
P ∗µuν∇λf−ν
ρDλρP
∗†
µ +H.c. 237 iε
µνλρP 〈f+µνuλ〉u
σDσP
∗†
ρ +H.c. 558
P ∗µuν∇λf−λ
ρDνρP
∗†
µ +H.c. 238 iε
µνλρP 〈f+µνu
σ〉uλDρP
∗†
σ +H.c. 559
P ∗µuν∇µhν
λP ∗†λ +H.c. 239 I iε
µνλρP 〈f+µνu
σ〉uλDσP
∗†
ρ +H.c. 560
P ∗µuµ∇
νhλρDνλP
∗†
ρ +H.c. 118 240 iε
µνλρP 〈f+µνu
σ〉uσDλP
∗†
ρ +H.c. 561
P ∗µuν∇µh
λρDνλP
∗†
ρ +H.c. 241 I iε
µνλρP 〈f+µνu
σ〉uδDλσδP
∗†
ρ +H.c. 562
P ∗µuν∇µh
λρDλρP
∗†
ν +H.c. 242 iε
µνλρP 〈f+µνuλu
σ〉DρP
∗†
σ +H.c. 563
P ∗µuν∇νh
λρDλρP
∗†
µ +H.c. 243 iε
µνλρP 〈f+µνuλu
σ〉DσP
∗†
ρ +H.c. 564
P ∗µuν∇λhρσDνλρσP
∗†
µ +H.c. 244 iε
µνλρP 〈f+µνu
σuλ〉DρP
∗†
σ +H.c. 565
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P ∗µf−µ
νf−ν
λP ∗†λ 119 I 245 I iε
µνλρP 〈f+µνu
σuλ〉DσP
∗†
ρ +H.c. 566
P ∗µf−
νλf−µνP
∗†
λ 246 iε
µνλρP 〈f+µνu
σuσ〉DλP
∗†
ρ +H.c. 567
P ∗µf−
νλf−νλP
∗†
µ 247 iε
µνλρP 〈f+µνu
σuδ〉DλσδP
∗†
ρ +H.c. 568
P ∗µf−µ
νf−
λρDνλP
∗†
ρ 120 I 248 I iPf+
µνf−µ
λDνP
∗†
λ +H.c. 328 569
P ∗µf−
νλf−µ
ρDνρP
∗†
λ 249 iPf+
µνf−µ
λDλP
∗†
ν +H.c. 329 570
P ∗µf−
νλf−ν
ρDλρP
∗†
µ 250 iPf−
µνf+µ
λDνP
∗†
λ +H.c. 330 571
P ∗µf−µ
νhν
λP ∗†λ +H.c. 121 251 I iPf−
µνf+µ
λDλP
∗†
ν +H.c. 331 572
P ∗µf−
νλhµνP
∗†
λ +H.c. 252 iPf+
µνhµ
λDνP
∗†
λ +H.c. 332 573
P ∗µf−µ
νhλρDνλP
∗†
ρ +H.c. 122 253 I iPf+
µνhµ
λDλP
∗†
ν +H.c. 333 574
P ∗µf−µ
νhλρDλρP
∗†
ν +H.c. 123 I 254 I iPh
µνf+µ
λDνP
∗†
λ +H.c. 334 575
P ∗µf−
νλhµ
ρDνρP
∗†
λ +H.c. 255 iPh
µνf+µ
λDλP
∗†
ν +H.c. 335 576
P ∗µf−
νλhν
ρDλρP
∗†
µ +H.c. 256 iPf+
µνhλρDµλρP
∗†
ν +H.c. 336 577
P ∗µhµ
νhν
λP ∗†λ 124 257 I iPh
µνf+
λρDµνλP
∗†
ρ +H.c. 337 578
P ∗µhνλhµνP
∗†
λ 258 iP∇
µf+µ
νuλDνP
∗†
λ +H.c. 338 579
P ∗µhνλhνλP
∗†
µ 259 iP∇
µf+µ
νuλDλP
∗†
ν +H.c. 339 580
P ∗µhµ
νhλρDνλP
∗†
ρ 125 260 I iP∇
µf+
νλuµDνP
∗†
λ +H.c. 340 581
P ∗µhµ
νhλρDλρP
∗†
ν +H.c. 261 I iP∇
µf+
νλuνDµP
∗†
λ +H.c. 341 582
P ∗µhνλhµ
ρDνρP
∗†
λ 262 iPu
µ∇µf+
νλDνP
∗†
λ +H.c. 342 583
P ∗µhνλhν
ρDλρP
∗†
µ 263 iPu
µ∇νf+µ
λDνP
∗†
λ +H.c. 343 584
P ∗µhνλhρσDνλρσP
∗†
µ 264 iPu
µ∇νf+ν
λDµP
∗†
λ +H.c. 344 585
εµνλρP ∗µ∇ν∇
σf−λ
δDρσP
∗†
δ +H.c. 126 I 265 I iPu
µ∇νf+ν
λDλP
∗†
µ +H.c. 345 586
εµνλρP ∗µ∇
σ∇δf−νλDρσP
∗†
δ +H.c. 127 I 266 I iP∇
µf+
νλuρDµνρP
∗†
λ +H.c. 346 587
iP ∗µ〈f+µ
ν〉uνu
λP ∗†λ +H.c. 128 I iPu
µ∇νf+
λρDµνλP
∗†
ρ +H.c. 347 588
iP ∗µ〈f+µ
ν〉uλuνP
∗†
λ +H.c. 129 iP 〈f+
µν〉f−µ
λDνP
∗†
λ +H.c. 348
iP ∗µ〈f+µ
ν〉uλuλP
∗†
ν 130 I iP 〈f+
µν〉hµ
λDνP
∗†
λ +H.c. 349
iP ∗µ〈f+
νλ〉uνuλP
∗†
µ 131 iP 〈f+
µν〉hµ
λDλP
∗†
ν +H.c. 350
iP ∗µ〈f+µ
ν〉uλuρDνλP
∗†
ρ +H.c. 132 I iP 〈f+
µν〉hλρDµλρP
∗†
ν +H.c. 351
iP ∗µ〈f+µ
ν〉uλuρDνρP
∗†
λ +H.c. 133 iP 〈∇
µf+µ
ν〉uλDνP
∗†
λ +H.c. 352
iP ∗µ〈f+µ
ν〉uλuρDλρP
∗†
ν 134 I iP 〈∇
µf+µ
ν〉uλDλP
∗†
ν +H.c. 353
iP ∗µ〈f+
νλ〉uνu
ρDλρP
∗†
µ +H.c. 135 iP 〈∇
µf+
νλ〉uµDνP
∗†
λ +H.c. 354
iP ∗µ〈f+µ
νuν〉u
λP ∗†λ +H.c. 136 I 267 I iP 〈∇
µf+
νλ〉uνDµP
∗†
λ +H.c. 355
iP ∗µ〈f+µ
νuλ〉uνP
∗†
λ +H.c. 137 I 268 I iP 〈∇
µf+
νλ〉uρDµνρP
∗†
λ +H.c. 356
iP ∗µ〈f+µ
νuλ〉uλP
∗†
ν 138 I 269 I iP 〈f+
µνf−µ
λ〉DνP
∗†
λ +H.c. 589
iP ∗µ〈f+µ
νuλ〉uρDνλP
∗†
ρ +H.c. 139 I 270 I iP 〈f+
µνhµ
λ〉DνP
∗†
λ +H.c. 590
iP ∗µ〈f+µ
νuλ〉uρDνρP
∗†
λ +H.c. 140 I 271 I iP 〈f+
µνhµ
λ〉DλP
∗†
ν +H.c. 591
iP ∗µ〈f+µ
νuλ〉uρDλρP
∗†
ν 141 I 272 I iP 〈f+
µνhλρ〉DµλρP
∗†
ν +H.c. 592
iP ∗µ〈f+µ
νuνu
λ〉P ∗†λ +H.c. 142 I 273 I iP 〈∇
µf+µ
νuλ〉DνP
∗†
λ +H.c. 593
iP ∗µ〈f+µ
νuλuν〉P
∗†
λ +H.c. 274 iP 〈∇
µf+µ
νuλ〉DλP
∗†
ν +H.c. 594
iP ∗µ〈f+µ
νuλuλ〉P
∗†
ν 275 I iP 〈∇
µf+
νλuµ〉DνP
∗†
λ +H.c. 595
iP ∗µ〈f+
νλuνuλ〉P
∗†
µ 143 276 iP 〈∇
µf+
νλuν〉DµP
∗†
λ +H.c. 596
iP ∗µ〈f+µ
νuλuρ〉DνλP
∗†
ρ +H.c. 144 I 277 I iP 〈∇
µf+
νλuρ〉DµνρP
∗†
λ +H.c. 597
iP ∗µ〈f+µ
νuλuρ〉DνρP
∗†
λ +H.c. 278 iε
µνλρP∇µ∇
σf+νσDλP
∗†
ρ +H.c. 357 598
iP ∗µ〈f+µ
νuλuρ〉DλρP
∗†
ν 279 I iε
µνλρP∇µ∇
σf+ν
δDλσδP
∗†
ρ +H.c. 358 599
iP ∗µ〈f+
νλuνu
ρ〉DλρP
∗†
µ +H.c. 145 280 ε
µνλρPf+µνf+λ
σDρP
∗†
σ +H.c. 359 600
iP ∗µ〈uµu
ν〉f+ν
λP ∗†λ +H.c. 146 I 281 I ε
µνλρPf+µνf+λ
σDσP
∗†
ρ +H.c. 360 601
iP ∗µ〈uνuν〉f+µ
λP ∗†λ 147 I 282 I ε
µνλρP 〈f+µν〉f+λ
σDρP
∗†
σ +H.c. 361 I
iP ∗µ〈uµu
ν〉f+
λρDνλP
∗†
ρ +H.c. 148 I 283 I ε
µνλρP 〈f+µν〉f+λ
σDσP
∗†
ρ +H.c. 362 I
iP ∗µ〈uνuλ〉f+µ
ρDνλP
∗†
ρ 149 I 284 I ε
µνλρPuµuνχ+DλP
∗†
ρ +H.c. 363 602
iP ∗µf+µ
νuνu
λP ∗†λ +H.c. 285 I ε
µνλρPuµχ+uνDλP
∗†
ρ +H.c. 364 603
iP ∗µf+µ
νuλuνP
∗†
λ +H.c. 286 I ε
µνλρPχ+uµuνDλP
∗†
ρ +H.c. 365 604
iP ∗µf+µ
νuλuλP
∗†
ν +H.c. 287 I ε
µνλρP 〈uµuνχ+〉DλP
∗†
ρ +H.c. 605
iP ∗µf+
νλuµuνP
∗†
λ +H.c. 288 ε
µνλρP 〈uµχ+〉uνDλP
∗†
ρ +H.c. 606 I
iP ∗µf+
νλuνuµP
∗†
λ +H.c. 289 ε
µνλρP 〈χ+〉uµuνDλP
∗†
ρ +H.c. 607
iP ∗µf+
νλuνuλP
∗†
µ +H.c. 290 Pf−
µνχ+DµP
∗†
ν +H.c. 366 608
iP ∗µf+µ
νuλuρDνλP
∗†
ρ +H.c. 291 I Pχ+f−
µνDµP
∗†
ν +H.c. 367 609
iP ∗µf+µ
νuλuρDνρP
∗†
λ +H.c. 292 I Ph
µνχ+DµP
∗†
ν +H.c. 368 610
iP ∗µf+µ
νuλuρDλρP
∗†
ν +H.c. 293 I Pχ+h
µνDµP
∗†
ν +H.c. 369 611
iP ∗µf+
νλuµu
ρDνρP
∗†
λ +H.c. 294 Pu
µ∇νχ+DµP
∗†
ν +H.c. 370 612
iP ∗µf+
νλuνu
ρDλρP
∗†
µ +H.c. 295 Pu
µ∇νχ+DνP
∗†
µ +H.c. 371 613
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On SU(2) c˜
(4)
n SU(3) C˜
(4)
n On SU(2) c˜
(4)
n SU(3) C˜
(4)
n
iP ∗µf+
νλuρuµDνρP
∗†
λ +H.c. 296 P∇
µχ+u
νDµP
∗†
ν +H.c. 372 614
iP ∗µf+
νλuρuνDλρP
∗†
µ +H.c. 297 P∇
µχ+u
νDνP
∗†
µ +H.c. 373 615
iP ∗µuµf+
νλuνP
∗†
λ +H.c. 298 I P 〈f−
µνχ+〉DµP
∗†
ν +H.c. 374 I 616 I
iP ∗µuνf+ν
λuλP
∗†
µ 299 P 〈χ+〉f−
µνDµP
∗†
ν +H.c. 617 I
iP ∗µuµf+
νλuρDνρP
∗†
λ +H.c. 300 P 〈h
µνχ+〉DµP
∗†
ν +H.c. 375 I 618 I
iP ∗µuνf+ν
λuρDλρP
∗†
µ +H.c. 301 P 〈χ+〉h
µνDµP
∗†
ν +H.c. 619 I
iεµνλρP ∗µ∇νf+λ
σuρP
∗†
σ +H.c. 150 302 P 〈u
µ∇νχ+〉DµP
∗†
ν +H.c. 376 I 620 I
iεµνλρP ∗µ∇νf+λ
σuσP
∗†
ρ +H.c. 151 I 303 I P 〈∇
µχ+〉u
νDνP
∗†
µ +H.c. 621 I
iεµνλρP ∗µ∇
σf+νσuλP
∗†
ρ +H.c. 152 I 304 I P 〈u
µ∇νχ+〉DνP
∗†
µ +H.c. 377 I 622 I
iεµνλρP ∗µ∇νf+λ
σuδDρσP
∗†
δ +H.c. 153 305 P 〈∇
µχ+〉u
νDµP
∗†
ν +H.c. 623 I
iεµνλρP ∗µ∇νf+λ
σuδDρδP
∗†
σ +H.c. 154 306 iε
µνλρPf+µνχ+DλP
∗†
ρ +H.c. 378 624
iεµνλρP ∗µ∇νf+λ
σuδDσδP
∗†
ρ +H.c. 155 I 307 I iε
µνλρPχ+f+µνDλP
∗†
ρ +H.c. 379 625
iεµνλρP ∗µ∇νf+
σδuλDρσP
∗†
δ +H.c. 156 308 iε
µνλρP 〈f+µν〉χ+DλP
∗†
ρ +H.c. 380
iεµνλρP ∗µ∇νf+
σδuσDλδP
∗†
ρ +H.c. 157 I 309 I iε
µνλρP 〈f+µνχ+〉DλP
∗†
ρ +H.c. 381 626
iεµνλρP ∗µ∇
σf+νσu
δDλδP
∗†
ρ +H.c. 158 I 310 I iε
µνλρP 〈χ+〉f+µνDλP
∗†
ρ +H.c. 382 627
iεµνλρP ∗µf+νλf−ρ
σP ∗†σ +H.c. 159 311 iPu
µuνχ−DµP
∗†
ν +H.c. 383 I 628
iεµνλρP ∗µf+ν
σf−λρP
∗†
σ +H.c. 160 312 iPu
µuνχ−DνP
∗†
µ +H.c. 384 629
iεµνλρP ∗µf+ν
σf−λσP
∗†
ρ +H.c. 161 I 313 I iPu
µχ−u
νDµP
∗†
ν +H.c. 385 630
iεµνλρP ∗µf+νλf−
σδDρσP
∗†
δ +H.c. 162 314 iPu
µχ−u
νDνP
∗†
µ +H.c. 386 631
iεµνλρP ∗µf+ν
σf−λ
δDρδP
∗†
σ +H.c. 163 315 iPχ−u
µuνDµP
∗†
ν +H.c. 387 632
iεµνλρP ∗µf+ν
σf−σ
δDλδP
∗†
ρ +H.c. 164 I 316 I iPχ−u
µuνDνP
∗†
µ +H.c. 633
iεµνλρP ∗µf+νλhρ
σP ∗†σ +H.c. 165 I 317 I iP 〈u
µuν〉χ−DµP
∗†
ν +H.c. 634 I
iεµνλρP ∗µf+ν
σhλσP
∗†
ρ +H.c. 166 I 318 I iP 〈u
µuνχ−〉DµP
∗†
ν +H.c. 388 I 635
iεµνλρP ∗µf+νλh
σδDρσP
∗†
δ +H.c. 167 319 iP 〈u
µχ−〉u
νDνP
∗†
µ +H.c. 636 I
iεµνλρP ∗µf+νλh
σδDσδP
∗†
ρ +H.c. 168 I 320 I iP 〈χ−〉u
µuνDµP
∗†
ν +H.c. 637
iεµνλρP ∗µf+ν
σhλ
δDρδP
∗†
σ +H.c. 169 321 iP 〈u
µuνχ−〉DνP
∗†
µ +H.c. 638
iεµνλρP ∗µf+ν
σhσ
δDλδP
∗†
ρ +H.c. 170 I 322 I iP 〈u
µχ−〉u
νDµP
∗†
ν +H.c. 639 I
iεµνλρP ∗µ〈∇νf+λ
σ〉uρP
∗†
σ +H.c. 171 I iP 〈χ−〉u
µuνDνP
∗†
µ +H.c. 640
iεµνλρP ∗µ〈∇νf+λ
σ〉uσP
∗†
ρ 172 I iε
µνλρPf−µνχ−DλP
∗†
ρ +H.c. 389 641
iεµνλρP ∗µ〈∇νf+λ
σ〉uδDρσP
∗†
δ +H.c. 173 I iε
µνλρPχ−f−µνDλP
∗†
ρ +H.c. 390 642
iεµνλρP ∗µ〈∇νf+λ
σ〉uδDρδP
∗†
σ +H.c. 174 I iε
µνλρPuµ∇νχ−DλP
∗†
ρ +H.c. 391 643
iεµνλρP ∗µ〈∇νf+λ
σ〉uδDσδP
∗†
ρ 175 I iε
µνλρP∇µχ−uνDλP
∗†
ρ +H.c. 392 644
iεµνλρP ∗µ〈f+νλ〉f−ρ
σP ∗†σ +H.c. 176 I iε
µνλρP 〈f−µνχ−〉DλP
∗†
ρ +H.c. 393 I 645 I
iεµνλρP ∗µ〈f+νλ〉hρ
σP ∗†σ +H.c. 177 I iε
µνλρP 〈χ−〉f−µνDλP
∗†
ρ +H.c. 646 I
iεµνλρP ∗µ〈f+νλ〉h
σδDρσP
∗†
δ +H.c. 178 I iε
µνλρP 〈uµ∇νχ−〉DλP
∗†
ρ +H.c. 394 I 647 I
iεµνλρP ∗µ〈f+νλ〉h
σδDσδP
∗†
ρ 179 I iε
µνλρP 〈∇µχ−〉uνDλP
∗†
ρ +H.c. 648 I
iεµνλρP ∗µ〈∇νf+λ
σuρ〉P
∗†
σ +H.c. 323 I iP∇
µ∇νχ−DµP
∗†
ν +H.c. 395 I 649 I
iεµνλρP ∗µ〈∇νf+λ
σuσ〉P
∗†
ρ 324 I iP 〈∇
µ∇νχ−〉DµP
∗†
ν +H.c. 396 I 650 I
iεµνλρP ∗µ〈∇νf+λ
σuδ〉DρσP
∗†
δ +H.c. 325 I Pf+
µνχ−DµP
∗†
ν +H.c. 397 651
iεµνλρP ∗µ〈∇νf+λ
σuδ〉DρδP
∗†
σ +H.c. 326 I Pχ−f+
µνDµP
∗†
ν +H.c. 398 652
iεµνλρP ∗µ〈∇νf+λ
σuδ〉DσδP
∗†
ρ 327 I P 〈f+
µν〉χ−DµP
∗†
ν +H.c. 399
iεµνλρP ∗µ〈f+νλf−ρ
σ〉P ∗†σ +H.c. 328 I P 〈f+
µνχ−〉DµP
∗†
ν +H.c. 400 653
iεµνλρP ∗µ〈f+νλhρ
σ〉P ∗†σ +H.c. 329 I P 〈χ−〉f+
µνDµP
∗†
ν +H.c. 401 654
iεµνλρP ∗µ〈f+νλh
σδ〉DρσP
∗†
δ +H.c. 330 I iε
µνλρP 〈DµD
σFLνσ〉DλP
∗†
ρ + P.++H.c. 402
iεµνλρP ∗µ〈f+νλh
σδ〉DσδP
∗†
ρ 331 I iε
µνλρP 〈DµD
σFLν
δ〉DλσδP
∗†
ρ + P.++H.c. 403
iP ∗µ∇µ∇
νf+ν
λP ∗†λ +H.c. 180 I 332 I iP 〈FL
µνFLµ
λ〉DνP
∗†
λ + P.+H.c. 404 655
iP ∗µ∇ν∇νf+µ
λP ∗†λ 181 I 333 I
TABLE X: The O(p4) order results in the HQ limit. When a term Pn
is not given a label in the 2nd or 5th (3rd or 6th) column, it is not
independent and can be expressed with terms having a label in the 2nd
and 5th (3rd and 6th) columns.
Pn SU(2) SU(3) Pn SU(2) SU(3)
〈H〈uµuµ〉u
νuνH¯〉 1 1 〈H〈f+
µνuλ〉uρσµρvνvλH¯〉 72
〈H〈uµuν〉uµuνH¯〉 2 2 〈H∇
µ∇µχ+H¯〉 111
〈H〈uµuµ〉u
νuλvνvλH¯〉 3 3 〈H∇
µ∇νχ+vµvνH¯〉 112
〈H〈uµuν〉uµu
λvνvλH¯〉+H.c. 4 4 〈H〈∇
µ∇µχ+〉H¯〉 113
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Pn SU(2) SU(3) Pn SU(2) SU(3)
〈H〈uµuν〉uλuλvµvνH¯〉 5 〈H〈∇
µ∇νχ+〉vµvνH¯〉 114
〈H〈uµuν〉uλuρvµvνvλvρH¯〉 5 6 〈H〈f+
µνuµu
λ〉σνλH¯〉+H.c. 115
〈H〈uµuµu
ν〉uνH¯〉 7 〈H〈f+
µνuλuλ〉σµνH¯〉 116
〈H〈uµuµu
ν〉uλvνvλH¯〉 8 〈H〈f+
µνuλuρ〉σµνvλvρH¯〉 117
〈H〈uµuνuλ〉uµvνvλH¯〉 9 〈H〈f+
µνuλuρ〉σµλvνvρH¯〉+H.c. 118
〈H〈uµuνuλ〉uρvµvνvλvρH¯〉 10 i〈Hu
µf+µ
νuνH¯〉 119
〈H〈uµuµu
νuν〉H¯〉 11 i〈Hu
µf+µ
νuλvνvλH¯〉+H.c. 120
〈H〈uµuνuµuν〉H¯〉 12 〈H〈u
µuµ〉f+
νλσνλH¯〉 73 121
〈H〈uµuµu
νuλ〉vνvλH¯〉 13 〈H〈u
µuν〉f+µ
λσνλH¯〉 74 122
〈H〈uµuνuµu
λ〉vνvλH¯〉 14 〈H〈u
µuν〉f+
λρσµλvνvρH¯〉 75 123
〈H〈uµuνuλuρ〉vµvνvλvρH¯〉 15 〈H〈u
µuν〉f+
λρσλρvµvνH¯〉 76 124
i〈H〈uµuµ〉u
νuλσνλH¯〉 6 16 〈Hf+
µνuµu
λσνλH¯〉+H.c. 125
i〈H〈uµuν〉uµu
λσνλH¯〉+H.c. 7 17 〈Hf+
µνuλuµσνλH¯〉+H.c. 126
i〈H〈uµuν〉uλuρσµλvνvρH¯〉+H.c. 8 18 〈Hf+
µνuλuλσµνH¯〉+H.c. 127
i〈H〈uµuν〉uλuρσλρvµvνH¯〉 9 19 〈Hf+
µνuλuρσµνvλvρH¯〉+H.c. 128
i〈H〈f+
µν〉uµuνH¯〉 10 〈Hf+
µνuλuρσµλvνvρH¯〉+H.c. 129
i〈H〈f+
µν〉uµu
λvνvλH¯〉+H.c. 11 〈Hf+
µνuλuρσµρvνvλH¯〉+H.c. 130
i〈H〈uµuνuλ〉uµσνλH¯〉 20 〈Hf+
µνf+µνH¯〉 77 131
i〈H〈uµuνuλ〉uρσµνvλvρH¯〉 21 〈Hf+
µνf+µ
λvνvλH¯〉 78 132
i〈H〈uµuµu
νuλ〉σνλH¯〉 22 i〈Hf+
µνf+µ
λσνλH¯〉 79 133
i〈H〈uµuνuλuρ〉σµνvλvρH¯〉 23 i〈Hf+
µνf+
λρσµλvνvρH¯〉 80 134
〈Huµuµu
νuνH¯〉 24 〈H〈f+
µν〉f+µνH¯〉 81
〈HuµuνuµuνH¯〉 25 〈H〈f+
µν〉f+µ
λvνvλH¯〉 82
〈Huµuµu
νuλvνvλH¯〉+H.c. 26 〈H〈f+
µνf+µν〉H¯〉 135
〈Huµuνuµu
λvνvλH¯〉+H.c. 27 〈H〈f+
µνf+µ
λ〉vνvλH¯〉 136
i〈Huµuµu
νuλσνλH¯〉+H.c. 28 〈Hu
µuµχ+H¯〉+H.c. 83 137
i〈Huµuνuµu
λσνλH¯〉+H.c. 29 〈Hu
µχ+uµH¯〉 84 138
i〈HuµuνuλuρσµνvλvρH¯〉+H.c. 30 〈Hu
µuνχ+vµvνH¯〉+H.c. 85 139
i〈HuµuνuλuρσµλvνvρH¯〉+H.c. 31 〈Hu
µχ+u
νvµvνH¯〉 86 140
i〈H〈f+
µνuµuν〉H¯〉 12 32 i〈Hu
µuνχ+σµνH¯〉+H.c. 87 141
i〈H〈f+
µνuµu
λ〉vνvλH¯〉+H.c. 13 33 i〈Hu
µχ+u
νσµνH¯〉 88 142
〈H〈f+
µν〉uµu
λσνλH¯〉+H.c. 14 〈H〈u
µuµ〉χ+H¯〉 143
〈H〈f+
µν〉uλuλσµνH¯〉 15 〈H〈u
µuµχ+〉H¯〉 89 144
〈H〈f+
µν〉uλuρσµνvλvρH¯〉 16 〈H〈u
µχ+〉uµH¯〉 145
〈H〈f+
µν〉uλuρσµλvνvρH¯〉+H.c. 17 〈H〈χ+〉u
µuµH¯〉 146
〈H〈f+
µν〉hλργ5γµvνvλvρH¯〉 18 〈H〈u
µuν〉χ+vµvνH¯〉 147
i〈Hf+
µνuµuνH¯〉+H.c. 34 〈H〈u
µuνχ+〉vµvνH¯〉 90 148
i〈Hf+
µνuµu
λvνvλH¯〉+H.c. 35 〈H〈u
µχ+〉u
νvµvνH¯〉 149
i〈Hf+
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